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Woods, K. D., D. B. B o t k i n ,  a n d  A. F e i V e s o n .  N e w  d i m e n s i o n  
a n a l y s e s  w i t h  e r r o r  a n a l y s i s  f o r  quak ing  a s p e n  and b l a c k  
s p r u c e .  
Dimension a n a l y s e s  f o r  b l a c k  s p r u c e  ( P i c e a  m a r i a n a  ( M i l l . )  
B.S.P.) i n  w e t l a n d  s t a n d s  and t r e m b l i n g  a s p e n  ( P o p u l u s  t r e m u -  
l o i d e s  Michx.) a r e  r e p o r t e d ,  i n c l u d i n g  new a p p r o a c h e s  i n  e r r o r  
a n a l y s i s .  Biomass es t imates  f o r  s a c r i f i c e d  t r ee s  h a v e  s t a n d a r d  
e r r o r s  o f  1 t o  3%; s t a n d a r d  e r r o r s  f o r  l e a f  a r e a  a r e  1 0  t o  20%. 
B o l e  b iomass  e s t i m a t i o n  a c c o u n t s  f o r  most  o f  t h e  e r r o r  f o r  
b iomass ,  w h i l e  e s t i m a t i o n  o f  b r a n c h  c h a r a c t e r i s t i c s  and 
a r e a / w e i g h t  r a t i o s  a c c o u n t s  f o r  e r r o r  f o r  l e a f  a r e a .  E r r o r  
a n a l y s i s  p r o v i d e s  i n s i g h t  f o r  c o s t - e f f e c t i v 6  d e s i g n  o f  f u t u r e  
. a n a l y s e s .  P r e d i c t i v e  e q u a t i o n s  f o r  b iomass  and l e a f  a r e a ,  w i t h  
e m p i r i c a l l y  d e r i v e d  e s t i m a t o r s  o f  p r e d i c t i o n  e r r o r ,  a r e  g i v e n .  
S y s t e m a t i c  p r e d i c t i o n  e r r o r s  f o r  s m a l l  a s p e n  t r e e s  and f o r  l e a f  
a r e a  o f  s p r u c e  from d i f f e r e n t  s i t e - t y p e s  s u g g e s t  a need f o r  
d i f f e r e n t  p r e d i c t i v e  models  w i t h i n  s p e c i e s .  P r e d i c t i v e  equa-  
t i o n s  a r e  compared w i t h  pub1  i s h e d  e q u a t i o n s ;  s i g n i f i c a n t  d i f -  
ferences may b e  due  t o  s p e c i e s  r e s p o n s e s  t o  r e g i o n a l  o r  s i t e  
d i f f e r e n c e s .  R e s u l t s  y i e l d  b i o l o g i c a l  i n s i g h t .  P r o p o r t i o n a l  
c o n t r i b u t i o n s  o f  component b iomass  i n  a s p e n  c h a n g e  i n  ways 
r e l a t e d  t o  t r ee  s i z e  and s t a n d  d e v e l o p m e n t .  S p r u c e  m a i n t a i n s  
c o m p a r a t i v e l y  c o n s t a n t  p r o p o r t i o n s  w i t h  s i z e ,  b u t  shows c h a n g e s  
c o r r e s p o n d i n g  t o  s i t e .  T h i s  s u g g e s t s  g r e a t e r  m o r p h o l o g i c a l  
- -  
27 p l a s t i c i t y  o f  a s p e n  ( c o n s i s t e n t  w i t h  d i f f e r e n c e s  i n  p r e d i c t i v e  
28 m o d e l s ) ,  and s i g n i f i c a n c e  f o r  s p r u c e  o f  n u t r i e n t  c o n d i t i o n s .  
. .  . . c
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NEW D I M E N S I O N  A N A L Y S E S  WITH ERROR A N A L Y S E S  
F O R  Q U A K I N G  A S P E N  AND B L A C K  S P R U C E  
- 
K.D. Woods, D.B.  B o t k i n ,  and A. F e i v e s o n  
r 
? 
INTRODUCTION 
E s t i m a t e s  of f o r e s t  b iomass  and p r o d u c t i o n  a r e  o f t e n  
n e c e s s a r y  f o r  e c o l o g i c a l  s t u d i e s  o f  c o m m u n i t i e s  and 
e c o s y s t e m s  and f o r  good f o r e s t  management. Biomass,  l e a f  
a r e a ,  and p r o d u c t i o n  a r e  most  f r e q u e n t l y  e s t i m a t e d  by  
d imens ion  a n a l y s i s .  I n  t h i s  a p p r o a c h  p r e d i c t i v e  
r e l a t i o n s h i p s ,  d e r i v e d  from a n a l y s i s  o f  s a c r i f i c e d  t r ee s ,  
allow n o n - d e s t r u c t i v e  e s t i m a t e s  o f  b i o n a s s  f o r  s t a n d i n g  
trees.  These r e l a t i o n s h i p s  a r e  t y p i c a l l y  f i t  by  l e a s t -  
S q u a r e s  r e g r e s s i o n ,  u s i n g  s imply-measured  d i m e n s i o n s  a s  
i n d e p e n d e n t  v a r i a b l e s  ( W h i t t a k e r  and Marks 1975; T a b l e s  1 and 
2) 
E s t i m a t e s  o f  t r e e  o r  s t a n d  c h a r a c t e r i s t i c s  o b t a i n e d  by 
d imens ion  a n a l y s i s  a r e  o f  l i m i t e d  s c i e n t i f i c  u s e ,  however ,  
u n l e s s  t h e y  i n c l u d e  a v a l i d  v a r i a n c e .  W e  r e q u i r e d  e s t i m a t e s  
of biomass  and l e a f  a r e a ,  w i t h  v a r i a n c e s ,  f o r  a c o o p e r a t i v e  
s t u d y  between NASA and UCSB examin ing  t h e  s e n s i t i v i t y  o f  
s a t e l l i t e - b o r n e  s p e c t r a l  s e n s o r s  t o  f o r e s t  l e a f  a r e a  i n d e x  
( L A I )  and b iomass  d e n s i t y  ( L A 1  c a n  b e  a n  i m p o r t a n t  
i n t e r m e d i a t e  v a r i a b l e  i n  e s t i m a t i n g  b iomass  o r  p r o d u c t i o n  by  
r emote  s e n s i n g ) .  C a l  i b r a t i o n s  o f  s p e c t r a l  d a t a  a g a i n s t  - 
ground-based e s t i m a t e s  o f  b iomass  d e n s i t y  and  LA1 c a n  o n l y  b e  
e v a l u a t e d  i f  t h e  p r e c i s i o n  o f  t h e s e  e s t i m a t e s  is  known, b u t  
-- . 
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v a l i d  s t a t i s t i c a l  v a r i a n c e s  a r e  r a r e l y  o b t a i n e d .  
Our s t u d y  a r e a  is i n  t h e  S u p e r i o r  N a t i o n a l  F o r e s t ,  n e a r  
E l y ,  MN,  USA, i n  t h e  t r a n s i t i o n  between n o r t h e r n  hardwood- 
p i n e  and b o r e a l  f o r e s t s .  W e  c h o s e  s t u d y  s i t e s  i n  p u r e  s t a n d s  
o f  t r e m b l i n g  a s p e n  (Popu lus  t r e m u l o i d e s )  and l o w l a n d  b l a c k  
s p r u c e  ( P i c e a  m a r i a n a ) .  These s p e c i e s  r e p r e s e n t  e c o l o g i c a l  
c o n t r a s t s ;  a s p e n  is a n  e a r l y - s u c c e s s i o n a l  a n g i o s p e r m  o f  
u p l a n d  s i t e s ,  w h i l e  b l a c k  s p r u c e  i s  a c o n i f e r  w h i c h ,  i n  t h e  
bog s i t e s  s t u d i e d ,  c a n  be r e g a r d e d  a s  mid- t o  l a t e -  
s u c c e s s i o n a l .  Both a r e  widesp read  i n  Nor th  American b o r e a l  
f o r e s t s .  An e x t e n s i v e  l i t e r a t u r e  p r e s e n t s  many d i m e n s i o n  
a n a l y s i s  r e l a t i o n s h i p s  f o r  t h e s e  s p e c i e s  (summarized i n  
T a b l e s  1 and 2 ) ,  b u t  t h e s e ,  f o r  s e v e r a l  r e a s o n s ,  d i d  n o t  meet 
o u r  needs .  
- 
F i r s t ,  e x i s t i n g  s t u d i e s  do n o t  p r o v i d e  s a t i s f a c t o r y  
var iances  f o r  l e a f  a r e a  or b iomass  e s t ima tes  f o r  s a c r i f i c e d  
trees,  o r  o f  e s t i m a t e s  of s t a n d  L A 1  and b i o m a s s  d e n s i t y .  
E s t i m a t o r s  f o r  t h e  v a r i a n c e  o f  p r e d i c t e d  b i o m a s s  o r  l e a f  a r e a  
, for  s t a n d i n g  t r e e s  a r e  sometimes g i v e n ,  b u t  g e n e r a l l y  i n v o l v e  
u n t e s t e d  a s s u m p t i o n s  a b o u t  e r r o r  d i s t r i b u t i o n s  (most a r e  
r e l a t e d  t o  t h e  " e r r o r  o f  es t imate"  o f  Whittaker and M a r k s  
(1975), which is a f u n c t i o n  o f  t h e  s t a n d a r d  e r r o r  o f  t h e  
d i m e n s i o n  a n a l y s i s  r e g r e s s i o n )  . 
Second,  d i m e n s i o n a l  r e l a t i o n s h i p s  h a v e  been  shown t o  be  
l o c a l  i t y - s p e c i f i c  due  t o  g e n e t i c  v a r i a t i o n  and m o r p h o l o g i c a l  
p l a s t i c i t y  (Alban  and L a i d l y  1982;  Green and G r i g a l  1978; 
P a s t o r ,  e t  a l .  1983; J o h n s t o n  and B a r t o s  1977) .  A l t h o u g h  
s e v e r a l  s t u d i e s  were done i n  Minnesota  and a d j o i n i n g  s t a t e s  
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and p r o v i n c e s ,  t h e s e  g e n e r a l l y  d i d  n o t  p r o v i d e  e s t i m a t o r s  f o r  
l e a f  a r e a  o r  a p p l i e d  o n l y  t o  a l i m i t e d  r a n g e  o f  t r e e  s i z e s .  
F i n a l l y ,  mos t  s t u d i e s  a r e  based  on r e l a t i o n s h i p s  be tween 
l o g a r i t h m i c a l l y  t r a n s f o r m e d  v a r i a b l e s .  B i a s e s  i n h e r e n t  i n  
p r e d i c t i o n s  from t h e s e  m o d e l s  c a n  b e  c o r r e c t e d  o n l y  i f  
s t r i n g e n t  d i s t r i b u t i o n a l  a s s u m p t i o n s  a r e  m e t ,  and  e s t i m a t i o n  
o f  v a r i a n c e  f o r  p r e d i c t i o n s  is v e r y  d i f f i c u l t .  W e  wished  t o  
work wi th  more s t a t i s t i c a l l y  t r a c t a b l e  m o d e l s  and  t o  t e s t  
p a r t i c u l a r  i n d e p e n d e n t  v a r i a b l e s  which m i g h t  h a v e  g e o m e t r i c  
o r  a l l o m e t r i c  r e l a t i o n s h i p s  w i t h  l e a f  a r ea  and b iomass .  
r 
O u r  r e s u l t s  a r e  o f  b o t h  m e t h o d o l o g i c a l  and b i o l o g i c a l  
s i g n i f i c a n c e .  We found c o e f f i c i e n t s  o f  v a r i a t i o n  i n  b iomass  
e s t i m a t i o n  t o  b e  1-3%, b u t  f r e q u e n t l y  a s  h i g h  a s  2 0 %  f o r  l e a f  
area.  I n  b o t h  cases ,  es t imates  t e n d e d  t o  b e  l e s s  accu ra t e  
f o r  s m a l l  t rees .  W e  p r e s e n t  new e q u a t i o n s  f o r  t h e  e s t i m a t i o n  
o f  l e a f  a r e a  and b iomass ,  w i t h  v a r i a n c e s ,  f o r  a s p e n  and b l a c k  
s p r u c e  t r ees ,  w i t h  e m p i r i c a l  1 y - d e r i v e d  v a r i a n c e  e s t i m a t o r s .  
S e p a r a t e  e v a l u a t i o n  o f  v a r i a n c e s  a s s o c i a t e d  w i t h  e a c h  s t a g e  
o f  our a n a l y s i s  o f f e r s  new i n s i g h t  i n t o  t h e  mos t  e f f e c t i v e  
ways f o r  improv ing  p r o c e d u r e s  and  e s t i m a t o r s ;  f o r  example ,  
improvement  o f  b i o m a s s  e s t i m a t e s  r e q u i r e s  more a c c u r a t e  
es t imates  o f  b o l e  b iomass ,  w h i l e  l e a f  a r e a  e s t ima tes  may be 
improved by  more a c c u r a t e  e s t i m a t i o n  o f  g r e e n  w e i g h t : a r e a  
r a t i o s  o r  by  more i n t e n s i v e  w i t h i n - t r e e  s a m p l i n g .  
p r a c t i c a l  t r a d e o f f s  i n  a c h i e v i n g _ i m p r o v e d  e s t i m a t e s .  
P r e d i c t i o n s  u s i n g  o u r  d i m e n s i o n  a n a l y s i s  e q u a t i o n s  a r e  
compared t o  t h o s e  u s i n g  o t h e r  pub1 i s h e d  e q u a t i o n s .  
W e  d i s c u s s  
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D i f f e r e n c e s  be tween t h e  two s p e c i e s  i n  v a r i a n c e  
d i s t r i b u t i o n s  and  i n  d i m e n s i o n s  p r o v i n g  t o  b e  t h e  b e s t  
p r e d i c t o r s  may b e  a s s o c i a t e d  w i t h  e c o l o g i c a l  and 
- 
m o r p h o l o g i c a l  d i f € e r e n c e s .  Our r e s u l t s  s u g g e s t  t h a t  a s p e n  
t r e e s  a r e  more m o r p h o l o g i c a l l y  p l a s t i c  t h a n  s p r u c e  t r e e s .  
V a r i a b i l i t y  i n  d i m e n s i o n a l  r e l a t i o n s h i p s  a p p e a r s  t o  be  
l a r g e l y  a f u n c t i o n  o f  a g e  and  p e r h a p s  s t a n d  d e n s i t y  f o r  
a s p e n ,  w h i l e  s p r u c e  a l s o  respond t o  p h y s i c a l  s i t e  
c h a r a c t e r i s t i c s .  
METHODS 
r 
F i g u r e  1 p r e s e n t s  a s c h e m a t i c  o u t l i n e  o f  o u r  d a t a  s e t  
and  a n a l y t i c  p r o c e d u r e s .  For e a c h  s a c r i f i c e d  t r e e ,  g r e e n  
w e i g h t s  o f  sub-components  ( l e a v e s ,  c u r r e n t  e x t e n s i o n  g r o w t h ,  
woody p o r t i o n s )  were measured f o r  a s a m p l e  o f  b r a n c h e s  and  
r e l a t e d  t o  b r a n c h  d imens ions .  Oven-dry w e i g h t s  (1050 d r y i n g  
t e m p e r a t u r e )  were o b t a i n e d  f o r  samples o f  e a c h  component.  
T h i s  a l l o w e d  es t imates  of  d r y  w e i g h t s  f o r  a l l  b r a n c h e s .  
T o t a l  b r a n c h  b i o m a s s  and  b o l e  b iomass  were summed t o  g i v e  
t o t a l  t r e e  biomass.  Leaf a rea  e s t i m a t i o n  f o l l o w e d  s imi l a r  
p r o c e d u r e s .  V a r i a n c e s  were c a l c u l a t e d  a t  e a c h  s t a g e  o f  
e s t i m a t i o n .  
Estimates o f  b iomass  and  l e a f  a r e a  f o r  who le  t r ee s  were 
used  t o  f i t  and compare v a r i o u s  r e g r e s s i o n  m o d e l s  u s i n g  t r e e  
d i m e n s i o n s  ‘as i n d e p e n d e n t  v a r i a b l e s ,  and  f o r m u l a s  f o r  
v a r i a n c e  o f  p r e d i c t i o n s  of l e a f  a r e a  and b i o m a s s  o f  s t a n d i n g  
-- 
t r e e s  d e v e l o p e d .  A d e t a i l e d  s t a t i s t i c a l  t r e a t m e n t  o f  o u r  
a p p r o a c h  i s  g i v e n  f o r  t h e  p a r t . i c u l a r  c a s e  o f  a s p e n  l e a f  a r e a  
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. 
i n  Fe iveson  and C h h i k a r a  (1986) .  W e  p r e s e n t  a s i m p l i f i e d  
d i g e s t  of s t a t i s t i c a l  methods ,  g e n e r a l i z e d  t o  t r e a t  b o t h  
biomass and  l e a f  a r e a  f o r  b o t h  s p e c i e s .  
F i e l d  and  L a b o r a t o r v  Procedures  
S e l e c t i n g  and  F e l l i n g  Trees:  Sample  s i z e  and d i a m e t e r  --- 
( a t  b r e a s t  h e i g h t )  d i s t r i b u t i o n  f o r  t h e  s a m p l e  were s e t  i n  
a d v a n c e  t o  t a k e  i n t o  a c c o u n t  1) t h e  g r e a t e r  e f f e c t  o f  l a r g e  
t r e e s  on t h e  r e g r e s s i o n  e q u a t i o n s  and '2) t h e  much g r e a t e r  
time r e q u i r e d  f o r  p r o c e s s i n g  l a r g e  t rees .  Diameter c l a s s e s  
were e s t a b l i s h e d  by  d i v i d i n g  t h e  r a n g e  o f  d i a m e t e r s  
c 
e n c o u n t e r e d  i n t o  f i v e  e q u a l  i n t e r v a l s .  The d i s t r i b u t i o n  o f  
sampled  t r e e s  f o r  e a c h  s p e c i e s  was i n i t i a l l y  s e t  a t  5,6,6,7,  
and  6 t rees  i n  t h e  s m a l l e s t  t h r o u g h  l a r g e s t  c l a s s e s  f o r  a 
t o t a l  o f  30. 
Ten p u r e  s t a n d s  o f  > 0 . 5  h a  e a c h  o f  l o w l a n d  b l a c k  s p r u c e  
and  t r e m b l i n g  a s p e n  were s e l e c t e d  t o  c o v e r  t h e  r a n g e  o f  a g e  
and  d e n s i t y  s e e n  i n  t h e  s t u d y  area.  I n  e a c h  s t a n d  e i g h t  l i v e  
t r e e s  were a r b i t r a r i l y  s e l e c t e d  w i t h o u t  r e g a r d  t o  c o n d i t i o n .  
S e l e c t i o n  was c o n s t r a i n e d  t o  i n c l u d e  o n l y  t r e e s  f a l l i n g  i n  
u n f i l l e d  d i a m e t e r  c lasses .  
randomly s ' e l e c t e d  f o r  s a c r i f i c e .  
T h r e e  of  t h e  e i g h t  t r e e s  were 
The d i s t r i b u t i o n  o v e r  
d i a m e t e r  c l a s s e s  o f  s a m p l e d  a s p e n  t r e e s  was 9 ,5 r5 ,7 ,4  f o r  32 
t r e e s  ( a d d i t i o n a l  t r e e s  i n  t h e  s m a l l e s t  c l a s s  w?,,"n s ampled  t o  
c h e c k  s e e m i n g l y  anomalous  resul&-s). The d i s t r i b u t i o n  of . 
sampled  s p r u c e  t r e e s  was 6,7,7,7,4 f o r  3 1  t rees .  
T r e e - l e v e l  measu remen t s  ( i n d e p e n d e n t  v a r i a b l e s  f o r  
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d i m e n s i o n  a n a l y s i s )  i n c l u d e d  d i a m e t e r  a t  b r e a s t  h e i g h t  ( d b h ) ,  
h e i g h t  t o  f i r s t  l i v e  b ranch ,  and t o t a l  h e i g h t  ( t h e  d i f f e r e n c e  
be tween t h e  l a s t  two measurements  g i v e s  crown d e p t h ) .  The 
f e l l i n g  c u t  was made a s  c l o s e  a s  p o s s i b l e  t o  t h e  g r o u n d .  
Detached  b r a n c h e s  were c o l l e c t e d  and  r e a s s e m b l e d  a s  f u l l y  as  
- 
p o s s i b l e .  
Crown Measurements:  Crowns were s t r a t i f i e d  by d i v i d i n g  
t h e  crown ( f rom t r e e  t o p  t o  l o w e s t  l i v e  b r a n c h )  v e r t i c a l l y  
i n t o  t h r e e  e q u a l  s e c t i o n s .  A l l  b r a n c h e s  were numbered and  
d e t a c h e d  and t h e  f o l l o w i n g  were r e c o r d e d :  b r a n c h  h e i g h t  o f  
a t t a c h m e n t ;  d i a m e t e r  a t  b a s e  ( a b o v e  any  b a s a l  s w e l l ) ;  t o t a l  
l e n g t h ;  l e n g t h  t o  f i r s t  l i v e  s e c o n d a r y  b r a n c h ;  and diameter 
c 
a t  f i r s t  l i v e  s e c o n d a r y  b ranch .  Leng ths  were measured i n  a 
s t r a i g h t  l i n e  from p o i n t  o f  a t t a c h m e n t ,  n o t  f o l l o w i n g  t h e  
c u r v e  of t h e  b ranch .  Three t o  s e v e n  b r a n c h e s  from e a c h  
s t r a t u m  were sampled  randomly  f o r  a d d i t i o n a l  measurements .  
For  sampled  a s p e n  b r a n c h e s  a l l  l e a v e s ,  w i t h  p e t i o l e s ,  
were p l u c k e d  and weighed i n  t h e  f i e l d .  P l u c k e d  l e a v e s  were 
p o o l e d  by s t r a t u m  and a g r a b  s a m p l e  o f  a r o u n d  200 l e a v e s  was 
t a k e n  f o r  e a c h  s t r a tum,  weighed,  and  c a r r i e d  i n  p l a s t i c  b a g s  
t o  t h e  l a b o r a t o r y  where t o t a l  l e a f  a r ea  was measured w i t h  a 
L i c o r  l e a f  a r e a  meter. T h i s  work was c o m p l e t e d  w i t h i n  
S e v e r a l  h o u r s  o f  f e l l i n g ;  t e s t s  showed c h a n g e s  i n  w e i g h t  and 
a r e a  were minimal  o v e r  t h e  time i n v o l v e d .  Leaf s a m p l e s  were 
t h e n  d r i e d  f o r  24 h a n d  weighed--again.  (Drying  t imes f o r  
a1  1 components  were d e t e r m i n e d  by  r e p e a t e d  we igh ing ;  d r y i n g  
was c o n t i n u e d  u n t i l  w e i g h t  loss s t o p p e d ) .  A l l  c u r r e n t - y e a r  
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e x t e n s i o n  g rowth  ( c u r r e n t  t w i g s )  was c l  i 'pped from s a m p l e d  
b r a n c h e s ,  weighed by  b r a n c h ,  p o o l e d  by s t r a t u m ,  d r i e d  f o r  2 4  
h ,  and weighed a g a i n .  Woody p a r t s  o f  e a c h  b r a n c h  were 
weighed g r e e n  i n  t h e  f i e l d .  
- 
-- 
Removal o f  s p r u c e  n e e d l e s  from b r a n c h e s  i n  t h e  f i e l d  
p r o v e d  i m p r a c t i c a l ,  so n e e d l e - b e a r i n g  p o r t i o n s  o f  s a m p l e d  
b r a n c h e s  were s e p a r a t e d  and t a k e n  t o  t h e  l a b o r a t o r y .  
Remaining woody p o r t i o n s  were weighed i n  t h e  f i e l d  and a 18- 
c m  l o n g  s e c t i o n  was t a k e n  from n e a r  t h e ' b a s e  and weighed ,  
d r i e d  f o r  4 8  h,  and  weighed a g a i n .  Need le -bea r ing  b r a n c h e s  
were s e p a r a t e d  i n t o  c u r r e n t  y e a r ' s  g rowth  and o l d e r  . s e c t i o n s  
a n d  d r i e d  f o r  2 4  h. 
n e e d l e s  and t w i g s  were s e p a r a t e d  and weighed f o r  b o t h  a g e  
classes. 
N e e d l e s  f e l l  o f  d u r i n g  d r y i n g  a n d  
P r o j e c t e d  l e a f  a r ea  f o r  s p r u c e  was d e t e r m i n e d  
p h o t o g r a p h i c a l l y .  From e a c h  crown s t r a t u m  a g r a b  s a m p l e  o f  
s e v e n  t w i g s ,  b e a r i n g  b o t h  o l d  and c u r r e n t  y e a r ' s  g r o w t h ,  was 
t a k e n  from unsampled b r a n c h e s  i n  t h e  f i e l d .  These were  
.wrapped i n  w e t  p a p e r  t o w e l s ,  sea led  i n  p l a s t i c  b a g s  and  
s h i p p e d  t o  Johnson Space  C e n t e r  i n  Houston where 2 1  n e e d l e s  
e a c h  o f  new and o l d e r  g r o w t h  were pho tographed .  The 
p h o t o g r a p h s  were d i g i t i z e d  and p r o j e c t e d  a rea  d e t e r m i n e d .  
The a c c u r a c y  o f  t h i s  t e c h n i q u e  was t e s t e d  u s i n g  s e g m e n t s  o f  
wire of  known d i m e n s i o n s ;  f o r  wi res  o f  s i z e  c o m p a r a b l e  t o  t h e  
n e e d l e s ,  measurements  were v e r y  a c c u r a t e .  Green and d r y  - 
w e i g h t s  were a l s o  measured  f o r  e a c h  s e t  of  2 1  n e e d l e s .  'cJe 
f o u n d  t h a t  n e e d l e s  p a c k e d  i n  t h i s  way l o s t  no  w e i g h t  a n d  
showed no d e t e c t a b l e  change  i n  s h a p e  f o r  a t  l e a s t  two w e e k s .  
- 4  
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 0  
11 
1 2  
13 
14 
15 
16 
17 
18 
19 
20 
21: 
22 
23 
24 
25 
26 
27 
28 
F o r  1 0  a s p e n  and  a l l  s p r u c e  t r e e s  a l l  woody p a r t s  o f  one 
s a m p l e d  b r a n c h  f r o m  e a c h  s t r a t u m  were d r i e d  f o r  4 5  h a n d  
weighed.  
-- 
B o l e  Measurements:  B o l e s  were c u t  i n t o  s e c t i o n s  s m a l l  . 
enough t o  be  h a n d l e d  and s e c t i o n s  were weighed i n  t h e  f i e l d .  
H e i g h t  a b o v e  g r o u n d  o f  b o t t o m  a n d  t o p  c u t  were r e c o r d e d  f o r  
e a c h  s e c t i o n .  Four "d i sc"  s e c t i o n s ,  5-20 c m  l o n g ,  were c u t  
f rom 1) t h e  base of  t h e  b o l e ;  2) h a l f - w a y  be tween t h e  b a s e  
a n d  t h e  f i r s t  1 i v e  b r a n c h ;  3 )  j u s t  b e l o w  t h e  f i r s t  1 i v e  
b r a n c h ;  and 4) h a l f - w a y  between t h e  f i r s t  l i v e  b r a n c h  and  t h e  
t o p  o f  t h e  t r e e .  For each  d i s c ,  d i a r n e t e r  was measured w i t h  
and  w i t h o u t  b a r k  and  bark  and  wood were weighed s e p a r a t e l y ,  
d r i e d  48 h r s ,  and weighed a g a i n .  
Anal  y t f c  P r o c e d u r e s :  E s t i m a t i n g  
Total above-ground b iomass  
be w r i t t e n  
Biomass f o r  S a c r i f i c e d  Trees -
of  a s a c r i f i c e d  t ree ,  B, may 
B = . B o  
+ ?'eri + T w i  + F o i )  
where  BO is b o l e  b iomass ,  and  B W i  is b i o m a s s  of wood, mi 
b i o m a s s  of  ' t w i g s ,  and Fo i  b i o m a s s  o f  f o l i a g e  f o r  b r a n c h  i; 
a l l  terms r e p r e s e n t  d r y  biomass.  Thus,  t r e e  b iomass  is 
c o n s i d e r e d  a s  t h e  sum o f  two components  -- t o t a l  b r a n c h  
b iomass  and t o t a l  b o l e  biomass -- which were e s t i m a t e d  
s e p a r a t e l y  f o r  s a c r i f i c e d  t rees .  None o f  t h e  v a r i a b l e s  i n  
e q u a t i o n  1 was measured d i r e c t l y .  E n t i r e  b o l e s  were weighed 
g r e e n ,  b u t  t h e s e  w e i g h t s  had t o  b e  c o n v e r t e d  t o  d r y  w e i g h t s .  
-- - 
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Other  components were weighed o n l y  f o r  s a m p l e d  b r a n c h e s ,  a n d  
t h e s e  were a l s o  g r e e n  w e i g h t s .  For unsampled  b r a n c h e s  w e i g h t s  
were  e s t i m a t e d  from r e g r e s s i o n  e q u a t i o n s .  P r o c e d u r e s  f o r  
e s t i m a t i o n  o f  t o t a l  t r e e  b iomass  were e s s e n t i a l l y  t h e  same 
f o r  aspen and b l a c k  s p r u c e .  U n l e s s  o t h e r w i s e  s p e c i f i e d ,  
measurement e r r o r s  a r e  assumed t o  be n e g l i g i b l e  i n  t h i s  and  
s u b s e q u e n t  a n a  1 y s e  s .  
Branch biomass:  Branch  b i o m a s s ,  th-e  s u m  o f  f o l i a g e ,  
t w i g  ( c u r r e n t  y e a r ' s  g r o w t h ) ,  and wood b i o m a s s ,  was es t imated 
by: 1) d e r i v i n g  d r y  we igh t :g reen  w e i g h t  r a t i o s  f o r  componen t s  
o f  sampled b r a n c h e s ;  2) c o n v e r t i n g  g r e e n  t o  d r y  w e i g h t s  and 
summing t h e s e  f o r  e n t i r e  s ampled  b r a n c h e s ;  3) d e v e l o p i n g  
r e g r e s s i o n  e q u a t i o n s  r e l a t i n g  b r a n c h  b i o m a s s  t o  b r a n c h  
d imens ions ;  4)  app . ly ing  t h e  r e g r e s s i o n  e q u a t i o n s  t o  e s t ima te  
biomass o f  unsampled  b r a n c h e s ;  5) .summing e s t i m a t e d  b i o m a s s  
for sampled and unsampled b r a n c h e s  f o r  t o t a l  b r a n c h  b i o m a s s  
f o r  t h e  t r e e ;  and  6) e s t i m a t i n g  mean s q u a r e d  p r e d i c t i o n  e r r o r  
(MSPE) for t o t a l  b r a n c h  b iomass .  
. .  - R a t i o  e s t i m a t i o n :  S i n g l e  d r y  w e i g h t : g r e e n  w e i g h t  r a t i o s  
were used fo r  e a c h  s p e c i e s  f o r  woody p o r t i o n s  o f  
Measured r a t i o s  v a r i e d  l i t t l e  among b r a n c h e s  and 
s m a l l  sample  s a m p l e  s i z e  d i c t a t e d  t h i s  a p p r o a c h .  
Measured g r e e n  we igh t :d ry  w e i g h t  r a t i o s  f o r  
b r a n c h e s .  
t rees ,  and  
a s p e n  l e a v e s  
and  t w i g s  were somet imes  s u b j e c t  t o  s i g n i f i c a n t  measu remen t '  
error  due t o  sma l l  s a m p l e  s i z e .  W e  a t t e m p t e d  t o  r e d u c e  t h e s e  
-- - 
e r r o r s  by u s i n g  "smoothed" r a t i o s .  These  were e s t i m a t e d  a s  
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s u m s  o f  a l e a s t - s q u a r e s  a p p r o x i m a t i o n s  of  t r e e  and s t r a t u m  
(and ,  i n  t h e  c a s e  o f  s p r u c e  n e e d l e s ,  a g e )  e f f e c t s ,  The 
p r o c e d u r e  i s  t h e  same a s  t h a t  u s e d  b y  F e i v e s o n  a n d  C h h i k a r a  
- 
(1986)  f o r  e s t i m a t i n g  aspen  l e a f  a r e a : w e i g h t  r a t i o s .  For 
s p r u c e ,  d r y  w e i g h t s  o f  n e e d l e s  b y  a g e  c l a s s  a n d  t w i g s  were 
measured  d i r e c t l y  f o r  sampled b r a n c h e s ,  s o  no r a t i o  
- 
c o n v e r s i o n  was r e q u i r e d .  
D e v e l o p i n g  b r a n c h  r e g r e s s i o n s :  T o t a l  d r y  b i o m a s s  e s t i -  
mates f o r  s ampled  b r a n c h e s  were r e g r e s s e d  on  b r a n c h  
d imens ions .  I n d e p e n d e n t  r e g r e s s i o n s  were d o n e  f o r  e a c h  tree.  
Of s e v e r a l  r e g r e s s i o n  m o d e l s  t e s t e d ,  t h a t  which p r o v e d  
g e n e r a l l y  most  e f f e c t i v e ,  a s  judged  by v a r i a n c e  e x p l a i n e d  and 
e x a m i n a t i o n  o f  r e s i d u a l s ,  was 
* 
y = a V  + b ( D C )  + c ( D C ) 2  + e 121 
where,  y is b r a n c h  b iomass  ( i n  g r a m s ) ,  DC is b r a n c h  " l e n g t h  o f  
crown" o r  s t r a i g h t - 1  i n e  d i s t a n c e  from b a s e  o f  f i r s t  s e c o n d a r y  
b r a n c h  t o  t i p  o f  b r a n c h ,  V i s  " v o l u m e "  o r  b a s a l  d i a m e t e r  
s q u a r e d  times b r a n c h  l e n g t h ,  a ,  b, and c a r e  c o e f f i c i e n t s  t~ 
be f i t t e d ,  and  e is a n  e r r o r  term (which  i n c o r p o r a t e s  e r r o r s  
due t o  r a t i o  e s t i m a t i o n ) .  The e r r o r  term was j u d g e d ,  by of 
i n s p e c t i o n  o f  p l o t s  of  b ranch  b iomass  and d i m e n s i o n s ,  t o  h a v e  
v a r i a n c e  p r o p o r t i o n a l  t o  V ,  s o  r e g r e s s i o n s  o f  y o n  DC a n d  D C 2  
were weighted  by  r e c i p r o c a l s  o f  VIS. 
To improve  p r e d i c t i v e  c a p a h i l  i t i e s ,  a 1  1 c o e f f i c i e n t s  - 
were c o n s t r a i n e d  t o  b e  p o s i t i v e ;  n e g a t i v e  c o e f f i c i e n t s  e n t a i l  
a p o s s i b i l i t y  o f  n e g a t i v e  p r e d i c t e d  b r a n c h  b iomass .  
. .  
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. .  
C o n s e q u e n t l y  n o t  a l l  terms were i n c l u d e d  i n  p r e d i c t i v e  
e q u a t i o n s  f o r  p a r t i c u l a r  t r ee s ,  Seven  s e t s  o f  r e g r e s s i o n  
c o e f f i c i e n t s ,  i n  which a l l  c o m b i n a t i o n s  o f  none ,  o n e ,  o r  two 
c o e f f i c i e n t s  were s e t  t o  8 ,  were  e s t i m a t e d  f o r  e a c h  t r e e ,  
and t h a t  w i t h  t h e  l o w e s t  r e s i d u a l  mean s q u a r e  and no n e g a t i v e  
c o e f f i c i e n t s  was s e l e c t e d .  
E s t i m a t i o n  of t o t a l  b r a n c h  b iomass :  T o t a l  b r a n c h  b i o m a s s  -
for a t r e e  ( d e n o t e d  by  Br) was e s t i m a t e d  a s  t h e  sum o f  t h e  
biomass o f  a l l  s ampled  b r a n c h e s  p l u s  t h e  sum o f  t h e  e s t i m a t e d  
biomass o f  a l l  unsampled b r a n c h e s  o b t a i n e d  by a p p l i c a t i o n  o f  
b r a n c h  r e g r e s s i o n  e q u a t i o n s .  The MSPE (Mean S q u a r e  
P r e d i c t i o n  E r r o r )  for t o t a l  b r a n c h  b iomass  i s  e s t i m a t e d  by 
A 
r 3 1  MSPE(Br) = s2 [tr(W-1) + xT(XTWX)-lxl 
where  s 2  is t h e  r e s i d u a l  mean square  from t h e  b r a n c h  b iomass  
r e g r e s s i o n  f o r  t h e  t r e e ,  W is t h e  n x n w e i g h t i n g  m a t r i x  
( d i a g  (1/vl, . . , l /Vn),  where n is t h e  number o f  s ampled  
, b r a n c h e s ) ,  x is a co lumn v e c t o r  w i t h  e l e m e n t s  e q u a l  t o  t h e  
sums o f  t h e  t h r e e  i n d e p e n d e n t  v a r i a b l e s  ( V ,  DC, and DC2) o v e r  
unsampled b r a n c h e s ,  and  X is t h e  n x d ma t r ix  c o n t a i n i n g  t h e  
v a l u e s  o f  d (1-3) chosen  i n d e p e n d e n t  r e g r e s s i o n  v a r i a b l e s  f o r  
t h e  sampled b r a n c h e s .  
E s t i m a t i o n  of  b o l e  b iomass :  B o l e  b iomass  e s t i m a t e s  were -- 
b a s e d  on  measu remen t s  o f  g r e e n  G i g h t  and b o l e  l o c a t i o n  
measured f o r  a l l  b o l e  s e c t i o n s  and  d r y  w e i g h t s  and d i a m e t e r s  
measured o n l y  f o r  "d isc"  s e c t i o n s .  Dry w e i q h t : g r e e n  w e i g h t  
r a t i o s  f o r  o t h e r  s e c t i o n s  were e s t i m a t e d  a s  a f u n c t i o n  o f  
2 
d i a m e t e r  u s i n g  t h e  model - 
6 
7 
8 
9 
10 
11 
- 
r i j  = a i  + b ( z i j - z i . )  + e i j  [ 4 1  
-- 
w h e r e  r i j  i s  t h e  e s t i m a t e d  r a t i o  f o r  s e c t i o n  j o f  t r e e  i ,  a 
(a t r e e - s p e c i f i c  mean r a t i o )  and b (common t o  a l l  t r e e s )  a r e  
p a r a m e t e r s  e s t i m a t e d  by l e a s t  s q u a r e s  a n a l y s i s ,  Z i j  is 
d i a m e t e r  o f  s e c t i o n  j ( e s t i m a t e d  from an a s s u m p t i o n  o f  
be tween  - c o n s t a n t  t a p e r  
measured d i a m e t e r s ) ,  Zi. is t h e  mean o f  d i s c  d i a m e t e r s  f o r  
t r e e  i ,  and  e j  is  a n  e r r o r  term. 
a s  c o n s t a n t  b e c a u s e  i n i t i a l  i n s p e c t i o n  o f  d a t a  i n d i c a t e d  t h a t  
The p a r a m e t e r  b was t a k e n  
1 2  
t h e  s l o p e  o f  t h e  r e l a t i o n s h i p  between d i a m e t e r  and r a t i o  
13 
1 4  
15 
1 6  
I? 
18 
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23 
24 
25 
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27 
( p r e s u m a b l y  d e t e r m i n e d  by p r o p o r t i o n s  o f  ba rk ,  sapwood, and  
hea r twood)  was common t o  a l l  t rees ,  The e s t i m a t o r  of a i  is 
t h e  mean r a t i o  f o r  disc s e c t i o n s  f o r  t r ee  i, For b ,  t h e  
e s t i m a t o r  o b t a i n e d  by  s t a n d a r d  l e a s t  s q u a r e s  was 
Thus,  t o t a l  b o l e  biomass o f  t h e  i ' t h  t r e e  is e s t i m a t e d  
as 
where  x 's  a r e  s e c t i o n  g r e e n  w e i g h t s ,  y ' s  a r e  d r y  w e i g h t s  f o r  
d i s c  s e c t i o n s ,  t h e  f i r s t  summation , is o v e r  d i sc  s e c t i o n s  . -  
o n l y ,  and  T I  - i n d i c a t e s  summation o v e r  non-d i sc  s e c t i o n s  o n l y .  
The a s s o c i a t e d  MSPE i s  e s t i m a t e d  by 
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A 
where  ~i i s  t h e  t o t a l  number  o f  s e c t i o n s  i n  t r e e  i a n d  s i g  2 
i s - e s t i m a t e d  by t h e  n o r m a l i z e d  sum of  s q u a r e s  o f  r e s i d u a l s  
a f t e r  f i t t i n g  E q u a t i o n  4. 
N o w ,  t h e  t o t a l  b i o m a s s  e s t i m a t e  f o r  t h e  t r e e  i s  g i v e n  a s  
B = B r  + Bo 18 1 
a n d  i t s  MSPE is  e s t i m a t e d  b y  
Ana 1 v t  i c  
CI A A 
MSPE(B)  = MSPE(Br)  + MSPE(Bo). - 191 
P r o c e d u r e s :  E s t i m a t i o n  o f  - Leaf Area -
The t o t a l  l e a f  a r e a  o f  a t r e e  may be  w r i t t e n  
" h e r e  * i j  i s  t h e  t o t a l  a r e a  o f  t h e  l e a v e s  o n  b r a n c h  j i n  
s t r a t u m  i o  A i j ' s  were n o t  measured d i r e c t l y ;  f o l i a g e  w e i g h t  
for  sampled  b r a n c h e s  was c o n v e r t e d  by r a t i o s  t o  a r ea ,  and  
areas were e s t i m a t e d  f o r  unsampled  b r a n c h e s  u s i n g  a 
r e g r e s s i o n  model . 
S t a t i s t i c a l  me thods  f o r  e s t i m a t i n g  a s p e n  l e a f  a r e a  and 
a s s o c i a t e d  v a r i a n c e  were,  p r e s e n t e d  i n  d e t a i l  f o r  a s p e n  by  
F e i v e s o n  and Chh ika ra  (1986), were p a r a l l e l  t o  t h o s e  f o r  
e s t i m a t i o n  o f  b r a n c h  b iomass .  
and a d a p t a t i o n s  f o r  b l a c k  s p r u c e .  
W e  p r e s e n t  a b r i e f  O v e r v i e w  -- 
Leaf w e i g h t s  f o r  s ampled  b r a n c h e s  were r e g r e s s e d ,  f o r  
e a c h  t r e e ,  a g a i n s t  b r a n c h  d i m e n s i o n s .  E x p e r i m e n t a t i o n  w i t h  
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v a r i o u s  l i n e a r  m o d e l s  showed d e p t h  o f  b r a n c h  crc)wn and d e p t h  
o f  crown s q u a r e d  were t h e  v a r i a b l e s  b e s t  Z x p l a i n i n g  v a r i a t i o n  
i n  b r a n c h  l e a f  w e i g h t ;  a d d i t i o n  of o t h e r  v a r i a b l e s  d i d  n o t  
s i g n i f i c a n t l y  improve  the  r e g r e s s i o n .  Weighted r e g r e s s i o n s  
were c a r r i e d  o u t  s e p a r a t e l y  f o r  each t r e e  u s i n g  t h e  model 
-- 
where Y i  is f o l i a g e  weight  ( g r e e n  weight '  f o r  a s p e n ,  d r y  
w e i g h t  f o r  s p r u c e )  f o r  b ranch  i ,  b's  a r e  c o e f f i c i e n t s  t o  b e  
e s t i m a t e d ,  D C i  is  d e p t h  of crown f o r  b r a n c h  i ,  and e is a n  
e r r o r  term. As i n  b ranch  b iomass  e s t i m a t i o n ,  t h e  b e s t  s u b s e t  
o f  r e g r e s s i o n  c o e f f i c i e n t s  w i t h  no n e g a t i v e  v a l u e s  was c h o s e n  
for e a c h  t ree .  R e c i p r o c a l s  o f  b r a n c h  d e p t h  o f  crown s q u a r e d  
were used  a s  w e i g h t s  (this w e i g h t i n g  factor was choseii  
because s c a t t e r  p l o t s  s u g g e s t e d  t h a t  e ,  i n  e q u a t i o n  1 4 ,  was 
p r o p o r t i o n a l  t o  DC2). For s p r u c e  s e p a r a t e  r e g r e s s i o n s  were 
used  f o r  c u r r e n t  y e a r  and  o l d e r  n e e d l e s .  
Measured and e s t i m a t e d  f o l i a g e  w e i g h t s  were summed 
w i t h i n  t r ee s ,  s t r a t a ,  and ,  f o r  s p r u c e ,  a g e  c l a s s  and  
c o n v e r t e d  t o  l e a f  a reas  us ing  r a t i o s .  As f o r  f o l i a g e  d r y  
we igh t :g reen  w e i g h t  r a t i o s ,  a l ea s t - squa res  b a s e d  "smooth ing"  
p r o c e d u r e  was used t o  c o r r e c t  f o r  measurement  e r r o r s  i n  
a r e a : w e i g h t  r a t i o s .  For a s p e n  t r e e  and s t r a t u m  e f f e c t s  were 
e s t i m a t e d .  For s p r u c e ,  t h e  e f f e c t  o f  n e e d l e  a g e  was a l s o  . 
s i g n i f i c a n t .  
-- - 
The e s t i m a t o r , o f  MSPE f o r  t h e  t r e e - l e v e l  l e a f  a r e a  
e s t i m a t e  is  complex ,  t a k i n g  i n t o  a c c o u n t  e r r o r s  from 
.1 e s t i m a t i o n  o f  a r e a : w e i g h t  r a t i o s  and i n  t h e  f i t t i n g  of  
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b r a n c h - l e v e l  r e g r e s s i o n  mode l s .  The e s t i m a t o r  and i ts  
d e r i v a t i o n  a r e  g i v e n  i n  f u l l  f o r  a s p e n  i n  F e i v e s o n  & C h h i k a r a  
(1985). 
A n a l y t i c  P r o c e d u r e s :  S e l e c t i n g  and F i t t i n g  T r e e - L e v e l  -
R e g r e s s i o n  Mode l s  
P r e d i c t i v e  e q u a t i o n s  t o  be a p p l i e d  t o  s t a n d i n g  t r e e s  -- 
t h e  f i n a l  p r o d u c t  o f  d i m e n s i o n  a n a l y s i s  -- a r e  o b t a i n e d  b y  
u s i n g  d a t a  f o r  s a c r i f i c e d  t r ee s  t o  f i t  m o d e l s  r e l a t i n g  
d e p e n d e n t  v a r i a b l e s  s u c h  a s  b i o m a s s  o r  l e a f  a r e a  t o  s i m p l e  
r 
d imens ions .  Mode l s  a r e  g e n e r a l l y  f i t  b y  s t a n d a r d  l e a s t -  
squares r e g r e s s i o n .  R e g r e s s i o n  m o d e l s  u s e d ,  i n c l u d i n g  
i n d e p e n d e n t  v a r i a b l e s  ( d i m e n s i o n s ) ,  a r e  however ,  q u i t e  
v a r i a b l e  and c h o i c e s  a r e  c r i t i c a l .  Many s t u d i e s  assume a 
p a r t i c u l a r  m o d e l  f rom t h e  o u t s e t .  S t u d i e s  which examine  
a l t e r n a t i v e  m o d e l s  u s u a l l y  s e l e c t  among them on t h e  b a s i s  o f  
t h e  squa red  c o r r e l a t i o n  c o e f f i c i e n t  ( r 2 ) ,  b u t  t h i s  is o n l y  
a p p r o p r i a t e  i f  s a m p l i n g  i s  random from a n  u n d e r l y i n g  
mu1 t i v a r i a t e  normal  d i s t r i b u t i o n  -- an  u n w a r r a n t e d  a s s u m p t i o n  
i n  t h i s  case. A f ew s t u d i e s  ( S c h r e u d e r  and Swank 1971;  Crow 
and  L a i d l y  1980) h a v e  compared t h i s  a p p r o a c h  w i t h  a 
l i k e l i h o o d  t e c h n i q u e ;  t h e  two a p p r o a c h e s  may p roduce  
d i f f e r e n t  r e s u l t s .  
The most  f r e q u e n t l y  used  mod-el., o f t e n  s i m p l y  r e f e r r e d  t o  
a s  t h e  " a l l o m e t r i c "  ( n o t  t o  b e  c o n f u s e d  w i t h  t h e  more g e n e r a l  
d e f i n i t i o n  o f  t l a l l o m e t r i c t t  a s  r e f e r r i n g  t o  a n y  d i m e n s i o n a l  
r e l a t i o n s h i p )  r e l a t e s  d e p e n d e n t  v a r i a b l e s  t o  some power o f  
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t h e  i n d e p e n d e n t  v a r i a b l e s .  The a 1  l o m e t r i c  model is u s u a l l y  
f i t ,  b y  l i n e a r  r e g r e s s i o n ,  i n  i t s  l o g a r i t h m i c  t r a n s f o r m a t i o n  
( s ee  T a b l e s  1 a n d  2 ) :  
4 
I n  Y = a  + b I n  X 1121- 
where  Y is t h e  v a r i a b l e  t o  be p r e d i c t e d  ( s a y  b i o m a s s ) ,  x t h e  
t r e e  d i m e n s i o n  c h o s e n  a s  p r e d i c t o r ,  and a and b c o e f f i c i e n t s  
t o  be e s t i m a t e d .  A d d i t i o n a l  i n d e p e n d e n t  v a r i a b l e s  may be 
i n c o r p o r a t e d ,  i n  t h i s  form,  w i t h  a d d i t i o n a l  l i n e a r  terms. 
The l o g a r i t h m i c  t r a n s f o r m a t i o n  r e d u c e s  h e t e r o s c e d a s t i c i t y  i n  
d i m e n s i o n a l  r e l a t i o n s h i p s ,  b u t  i n t r o d u c e s  a b i a s  i n  t h e  
.- 
e s t i m a t o r  which c a n  o n l y  be c o r r e c t e d  i f  a p a r t i c u l a r  
d i s t r i b u t i o n  ( u s u a l l y  normal )  o f  e r r o r  terms is  assumed 
( B a s k e r v i l l e  1972; Mountford and Bunce 1973; Beauchamp and  
Olson  1973). Madgwick and S a t o o  (1975) show t h a t  r e g r e s s i o n  
es t imates  t h u s  c o r r e c t e d  can r e t a i n  a b i a s .  The o n l y  o t h e r  
model  used w i t h  a n y  f r e q u e n c y  is a s i m p l e  l i n e a r  mode l ,  
i n c o r p o r a t i n g  o n e  o r  more i n d e p e n d e n t  v a r i a b l e s .  
The i n d e p e n d e n t  v a r i a b l e  most  f r e q u e n t l y  used  is 
diameter a t  b r e a s t  h e i g h t  (dbh) .  H e i g h t  is o c c a s i o n a l l y  u s e d ,  
as a re  complex  v a r i a b l e s  -- h e i g h t  t imes d i a m e t e r  s q u a r e d ,  
for i n s t a n c e .  Models  and i n d e p e n d e n t  v a r i a b l e s  used i n  
p u b l i s h e d  d imens ion  a n a l y s e s  o f  t r e m b l i n g  a s p e n  and b l a c k  
s p r u c e  a r e  summarized i n  T a b l e s  1 and 2. 
I 
We c h o s e  t o  u s e  1 i n e a r  m o d e l s  . w i t h o u t  l o g a r i t h m i c  t r a n s -  
f o r m a t i o n  t o  a v o i d  a s s u m p t i o n s  a b o u t  e r r o r  d i s t r i b u t i o n s  and 
t o  f a c i l i t a t e  e s t i m a t i o n  o f  v a r i a n c e .  W e  s e l e c t e d  
i n d e p e n d e n t  v a r i a b l e s  which w e  b e l i e v e d  would be w e l l - r e l a t e d  
. .  
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t o  b i o m a s s a n d  l e a f a r e a a s a c o n s e q u e n c e o f t r e e g e o m e t r y  
and growth  p a t t e r n s .  D iame te r ,  or dbh ,  h a s  been  shown t o  be  
w e l l - c o r r e l a t e d  w i t h  b o l e  l e n g t h  o r  t r e e  h e i g h t  ( B e r l y n  1952; 
E k  1974), SO d i a m e t e r  a l o n e  c a n  b e  used t o  a c c u r a t e l y  
d e s c r i b e  b o l e  vo lume  and b iomass .  S i n c e  b o l e s  c o n t a i n  a 
l a r g e  p r o p o r t i o n  o f  t o t a l ,  above-ground b iomass  many w o r k e r s  
-- e s p e c i a l l y  t h o s e  i n t e r e s t E d  i n  m a r k e t a b l e  t i m b e r  -- h a v e  
found  dbh s u f f i c i e n t  t o  e s t i m a t e  t o t a l  biomass.  I n  some 
s t u d i e s ,  i n c l u s i o n  o f  t r e e  h e i g h t  h a s  improved  e s t i m a t i o n  o f  
t o t a l  b iomass  ( T a b l e s  1,2). W e  a l s o  used an  i n d e x  o f  crown 
- 
volume to  more a c c u r a t e l y  e s t ima te  
a r e a .  A c t u a l  c r o w n  v o l u m e  i s  t h e  
crown wid th ,  crown d e p t h ,  and  some 
b r a n c h  b iomass  and l e a f  
p r o d u c t  o f  t h e  s q u a r e  o f  
s p e c i e s - s p e c i f i c  
. c o e f f i c i e n t  d e t e r m i n e d  b y  crown shape .  W e  d i d  n o t  m e a s u r e  
crown wid th  d i r e c t l y ,  b u t  i t  is c l o s e l y  r e l a t e d  t o  dbh  (Ek 
1974) which w e  used a s . a  s u r r o g a t e ;  t h u s  o u r  i n d e x  is D2C, 
where D i s  dbh C i s  crown d e p t h .  On ly  a few s t u d i e s  h a v e  
used  crown d i m e n s i o n s  
none  a r e  r e p d r t e d  f o r  
p o t e n t i a  1 i n d e p e n d e n t  
a s  i n d e p e n d e n t  v a r i a b l e s  f o r  a s p e n ;  
s p r u c e  ( T a b l e s  1 and 2). Our l i s t  of 
v a r i a b l e s ,  t h e n ,  i n c l u d e d  dbh  ( D ) ,  
h e i g h t  (HI, b o l e  v o l u m e  i n d e x  ( D Z H ) ,  crown vo lume  i n d e x  ( D X ,  
where  C i s  crown d e p t h ) ,  and  t h e  s q u a r e s  and  s q u a r e  r o o t s  o f  
t h e s e  v a r i a b l e s .  
We c h o s e  from among l i n e a r  m o d e l s  u s i n g  one ,  two,  or . 
-- - 
t h r e e  o f  t h e s e  v a r i a b l e s ,  with.  and  w i t h o u t  c o n s t a n t  (y-  
i n t e r c e p t )  t e r m s  ( a 1  though  m o d e l s  f o r  v e r y  s m a l l  t r e e s  
s h o u l d ,  p r e s u m a b l y ,  p a s s  t h r o u g h  t h e  o r i g i n ,  f o r c i n g  t h r o u g h  
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t h e  o r i g i n  may l e a d  t o  poorer  f i t  f o r  l a r g e r  t r e e s ) .  C h o i c e s  
o f  i n i t i a l  v a r i a b l e s  were made by  i n s p e c t i o n  o f  d a t a  p l o t s .  
V a r i a b l e s ,  i n c l u d i n g  a y - i n t e r c e p t ,  were added t o  t h e  
p r e d i c t i v e  e q u a t i o n s  o n l y  i f  t h e y  c a u s e d  a s i g n i f i c a n t  
i n c r e a s e  i n  t h e  p r o p o r t i o n  of t o t a l  v a r i a n c e  e x p l a i n e d  -- 
t h a t  is ,  s i g n i f i c a n t l y  improved f i t  t o  d a t a  from t h e  
s a c r i f i c e d  t r e e s .  N e g a t i v e  y - i n t e r c e p t s  o r  c o e f f i c i e n t s  were 
n o t  p e r m i t t e d .  
M o d e l s  were f i t  t o  d a t a  f rom s a c r i f i c e d  t r e e s  u s i n g  
s t a n d a r d ,  unweighted  l e a s t  s q u a r e s  p r o c e d u r e s .  S i n c e  
v a r i a n c e s  i n  b iomass  and l e a f  a r e a  were n o t  c o n s t a n t  o v e r  t h e  
c 
s i z e  r a n g e  o f  s ampled  trees -- b o t h  i n c r e a s e d  w i t h  t r e e  s i z e  
-- w e i g h t e d  l e a s t  s q u a r e s  e s t i m a t i o n  would be p r e f e r r e d .  
Iiowever, t h e  variance f u n c t i o n  is unknown and ,  w i t h  32 d a t a  
p o i n t s ,  e s t i m a t i n g  w e i g h t s  from t h e  d a t a  c o u l d  s e r i o u s l y  b i a s  
es t imates  o f  c o e f f i c i e n t s .  F u r t h e r m o r e ,  i n  t h i s  d a t a  s e t ,  a 
w e i g h t e d  r e g r e s s i o n  would g i v e  t o  s m a l l  t r e e s  a v e r y  l a r g e  
e f f e c t  on e s t i m a t i o n  o f  c o e f f i c i e n t s ,  and w e  wanted t o  r e t a i n  
a c c u r a c y  f o r  l a r g e r  trees. T h e r e f o r e ,  w e  used  t h e  unweighted  
estimates which r ema in  unbiased .  
F u n c t i o n s  f o r  e v a l u a t i n g  u n c e r t a i n t y  o f  b i o m a s s  or l e a f  
area p r e d i c t i o n s  for s t a n d i n g  t r e e s  were a l s o  d e v e l o p e d .  
R a t h e r  t h a n  r e l y i n g  on e r r o r  terms from t h e  unweighted  
r e g r e s s i o n ,  a s  i n  most p r e v i o u s  s t u d i e s ,  t h e s e  took  t h e  form 
O f  a power  f u n c t i o n  o f  t h e  t h e  p r e d i c t e d  _ -  v a l u e  o f  t h e  
d e p e n d e n t  v a r i a b l e ,  a l l o w i n g  h e t e r o g e n e i t y  o f  v a r i a n c e  t o  b e  
a c c o u n t e d  f o r .  Thus, 
i 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
A 
Var (Ylx )  = a E ( Y I X ) b  r 131 
where E ( Y I X )  is a p a r t i c u l a r  e s t i m a t e  o f  Y and  a and b a r e  
p a r a m e t e r s  t h a t  were f i t t e d  by i t e r a t i v e  a n a l y s i s  o f  
e m p i r i c a l  d i s t r i b u t i o n s  o f  o b s e r v e d  and e s t i m a t e d  v a l u e s .  
-- 
T h i s  p r o c e d u r e  is d e s c r i b e d  i n  d e t a i l  i n  F e i v e s o n  and 
C h h i k a r a  (1986) .  
RESULTS 
T a b l e s  3 a n d  4 g i v e  summary s t a t i s t i c s  f o r  t h e  3 2  a s p e n  
a n d  31 s p r u c e  t r e e s  s a c r i f i c e d  f o r  t h i s  s t u d y .  Leaf a r ea  and 
b i o m a s s  a r e  es t imates  o b t a i n e d  b y  t h e  p r o c e d u r e s  d e s c r i b e d  i n  
S e c t i o n  2. 
a s  s q u a r e  r o o t  o f  MSPE) a r e  g i v e n  f o r  t o t a l  a n d  b o l e  b i o m a s s ;  
v a l u e s  f o r  b r a n c h e s  may be o b t a i n e d  by s u b t r a c t i o n .  
t h e  t r e e - l e v e l  v a r i a n c e  is due  t o  b o l e  b i o m a s s  e s t i m a t i o n .  
Biomass estimates and s t a n d a r d  e r r o r s  ( e s t i m a t e d  
Most o f  
However,  s i n c e  b o l e  b iomass  is much l a r g e r  t h a n  b r a n c h  
biomass, c o e f f i c i e n t s  o f  v a r i a t i o n  ( s t a n d a r d  e r r o r / e s t i m a t e )  
a r e  much lower f o r  b o l e  t h a n  b r a n c h  es t imates .  F i g u r e s  2a 
a n d  2b show p r o p o r t i o n a l  c o n t r i b u t i o n s  t o  b i o m a s s  o f  f o l i a g e ,  
b r a n c h  wood, and b o l e  components  a s  a f u n c t i o n  o f  d i a m e t e r .  
C o e f f i c i e n t s  o f  v a r i a t i o n  f o r  b iomass  es t imates  ( F i g u r e s  3a 
and  3b) f o r  b o t h  s p e c i e s  were h i g h e s t  f o r  s m a l l  t r e e s  ( u p  t o  
15%), d e c l i n i n g  r a p i d l y  w i t h  s i z e  and s t a b i l i z i n g  a t  1-3% 
V a r i a n c e  t r e n d s  were s i m i l a r  f o r  l e a f  a r e a  e s t i m a t e s ,  . 
-- . 
b u t  v a l u e s  f o r  t h e  c o e f f i c i e n t s  o f  v a r i a n c e  were  h i g h e r ,  
r a n g i n g  from 2 0 %  f o r  some s m a l l  t r e e s ,  and  d e c l i n i n g  t o  
a r o u n d  1 0 %  f o r  l a r g e  t r e e s  ( F i g u r e s  3a and 3b) .  V a r i a n c e s  o f  
1 l e a f  a r e a  e s t i m a t e s  were p a r t i t i o n e d  i n t o  p o r t i o n s  d u e  t o  
2 e s t i m a t i o n  o f  a rea :we igh t  r a t i o s  and  due  t o  r e g r e s s i o n  
3 e s t i m a t i o n  o f  l e a f  we igh t s  f o r  unsampled b r a n c h e s  ( see  
4 Fe-iveson and Chh ika ra  1986). For a s p e n  t r e e s  ( e x c l u d i n g  s i x  
5 t rees  f o r  which a l l  b ranches  were s a m p l e d ) ,  o f  a l l  s i z e s ,  t h e  
6 m a j o r i t y  o f  v a r i a n c e ,  on a v e r a g e ,  is due  t o  t h e  e s t i m a t i o n  o f  
7 l e a f  w e i g h t s  f o r  unsampled b r a n c h e s .  For s p r u c e  t r e e s  
a e s t i m a t i o n  o f  unsampled  b r a n c h  w e i g h t s  a c c o u n t s  f o r  > 85% o f  
9 t o t a l  v a r i a n c e  i n  l e a f  a r e a  e s t i m a t e s .  (>95% f o r  most  t r ee s ) .  
1 0  R a t i o s  o f  g r e e n  t o  d r y  b i o m a s s  b y  component ,  l e a f  a r e a  
11 t o  d r y  b iomass  ( s p r u c e ) ,  and l e a f  a r e a  t o  g r e e n  b i o m a s s  
- 
1 2  (a spen)  a r e  shown i n  T a b l e  5. Extreme v a l u e s  f o r  a r e a  t o  
13 w e i g h t  r a t i o s  t e n d  t o  be t h o s e  o b t a i n e d  f o r  s m a l l  q u a n t i t i e s  
1 4  o f  l e a v e s ,  where measurement and  s a m p l i n g  e r r o r  a r e  b e t h  
15 l i k e l y  t o  b e  more i m p o r t a n t ,  
1 6  Dimension a n a l y s i s  e q u a t i o n s  f o r  b iomass  and l e a f  a r e a ,  
1 7  w i t h  e q u a t i o n s  f o r  a s s o c i a t e d  v a r i a n c e  e s t i m a t e s ,  a r e  i n  
18 T a b l e  6. D i f f e r e n t  r e g r e s s i o n  m o d e l s  produced  t h e  b e s t  
19 ' e s t i m a t o r s  (i,e,,  e x p l a i n e d  t h e  g r e a t e s t  p r o p o r t i o n  o f  mean 
20 s q u a r e  e r r o r )  f o r  t h e  t w o  s p e c i e s  a s  w e l l  a s  f o r  e s t i m a t i o n  
21 of d i f f e r e n t  components  w i t h i n  s p e c i e s .  T a b l e  6 a l s o  g i v e s  
22 c o e f f i c i e n t s  o f  d e t e r m i n a t i o n  ( r 2 )  and F - r a t i o s ,  w i t h  d e g r e e s  
23 of f reedom,  f o r  compar ison  o f  e x p l a i n e d  and r e s i d u a l  mean 
24 s q u a r e s ,  F i g u r e s  4a-4d show d i s t r i b u t i o n s  o f  b iomass  and  
25 l e a f  a r e a  w i t h  r e s p e c t  t o  pr imary-  i n d e p e n d e n t  v a r i a b l e s .  . .  
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U l Y C U S S I O N  
Our r e s u l t s  p r o v i d e  b o t h  p r o c e d u r a l  and e c o l o g i c a l  
i n s i g h t s .  Our s e g r e g a t i o n  o f  e s t i m a t i o n  e r r o r  a c c o r d i n 3  t o  
t r e e  components and p r o c e d u r a l  s o u r c e  i s  u n i q u e  and s u g g e s t s  
t h e  most e f f e c t i v e  ways f o r  improvement  o f  e s t ima tes  a n d ,  
c o n s e q u e n t l y ,  o f  d i m e n s i o n  a n a l y s i s  e q u a t i o n s ,  D i f f e r e n c e s  
i n  r e s u l t s  f o r  t h e  two s p e c i e s ,  and f o r  d i f f e r e n t  s i z e  
c l a s ses  w i t h i n  e a c h  s p e c i e s ,  a p p e a r  r e l a t e d  t o  b i o l o g i c a l  
d i f f e r e n c e s  . 
E r r o r  A n a l y s i s  and P r o c e d u r a l  Imp1 i c a t i o n s  -
I n  g e n e r a l ,  s t a n d a r d  e r r o r s  f o r  t r e e  b i o m a s s  es t imates  
( T a b l e s  3 and 4)  were q u i t e  l o w  (1-2.5% o f  b i o m a s s ) .  
T y p i c a l l y ,  mos t  o f  t h e  e r r o r  i n  e s t i m a t i n g  t r e e  b i o m a s s  was 
d u e  t o  e s t i m a t i o n  of b o l e  b iomass ,  e v e n  t h o u g h  c o e f f i c i e n t s  
of v a r i a t i o n  f o r  b o l e  b i o m a s s  e s t i m a t e s  were low. S t a n d a r d  
e r r o r s  f o r  b o l e  b i o m a s s  f o r  b o t h  s p e c i e s  were f u n c t i o n s  o f  
t r ee  s i z e ,  r a n g i n g  from a b o u t  2.5% of b o l e  b i o m a s s  f o r  t h e  
smal les t  t r e e s  t o  a b o u t  1% f o r  t h e  l a r g e s t  ( F i g u r e  3 ) .  T h i s  
e r r o r  i s  d u e  p r e d o m i n a n t l y  t o  e r r o r  i n  e s t i m a t i n g  d r y  
weight :green  w e i g h t  r a t i o s  ( E q u a t i o n  4 ) .  
E r r o r s  i n  e s t i m a t i n g  b r a n c h  b i o m a s s  were a f u n c t i o n  o f  
t h e  a c c u r a c y  o f  r e g r e s s i o n  o f  b r a n c h  b i o m a s s  o n  d i m e n s i o n s  
f o r  sampled b r a n c h e s  ( E q u a t i o n  3 ) .  Low a c c u r a c y  may b e  a 
consequence  o f  poor  e s t i m a t i o n  of- c o e f f i c i e n t s  (e.g., d u e  t o  
a s m a l l  b r a n c h  s a m p l e )  o r  t o  i n a p p r o p r i a t e n e s s  o f  t h e  
r e g r e s s i o n  model f o r  some t r ees .  A l s o ,  s i n c e  b r a n c h e s  were 
sampled  randomly ,  t h e  l a r g e s t  b r a n c h e s  were s o m e t i m e s  n o t  
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s a m p l e d ,  r e q u i r i n g  e x t r a p o l a t i o n  o f  r e g r e s s i o n  r e l a t i o n s h i p s  
beyond t h e  s i z e  r a n g e  o f  s ampled  b r a n c h e s .  C o e f f i c i e n t s  o f  
v a r i a t i o n  f o r  t o t a l  b ranch  b iomass  e s t i n a t e s  were h i g h e r  t h a n  -- 
t h o s e  f o r  b o l e  b i o m a s s ,  r a n g i n g  from < 5 %  t o  a b o u t  15% f o r  
most  a s p e n  t r e e s  ( c . v . ~  were h i g h e r  f o r  s m a l l  t r e e s )  and from 
5% - 20% f o r  s p r u c e  ( F i g u r e s  Sa and 5b) .  T y p i c a l l y  h i g h e r  
v a l u e s  f o r  s p r u c e  a r e  p r o b a b l y  a c o n s e q u e n c e  o f  much l a r g e r  
numbers  o f  b r a n c h e s .  Bo le  b i o m a s s  c.v.'s' a r e  a l s o  s l i g h t l y  
h i g h e r  for s p r u c e .  
1 0  
S t a n d a r d  e r r o r s  for b iomass  e s t ima tes  c o u l d  be . r educed  
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by s a m p l i n g  more b r a n c h e s  and  by a s a m p l i n g  scheme t h a t  
a l w a y s  i n c l u d e s  t h e  l a r g e s t  b r a n c h e s  o f  t h e  t ree .  However, 
d e c r e a s i n g  c o e f f i c i e n t s  o f  v a r i a t i o n  f o r  b r a n c h  b iomass  would 
h a v e  l i t t l e  consequence  for error o f  t n e  t o t a i  t r ee  b iomass  
e s t ima te  s i n c e  b o l e  biomass a c c o u n t s  f o r  most  of t h e  b i o m a s s  
of t h e  tree.  Biomass es t imates  c o u l d  b e  more e f f e c t i v e l y  
improved  by  r e d u c i n g  v a r i a n c e  o f  b o l e  b iomass  es t imates .  
Bole b iomass  e s t ima tes  c o u l d  be improved by  improv ing  t h e  
model by  which b o l e  s e c t i o n  d i a m e t e r s  a r e  e s t i m a t e d  and by 
i n c r e a s i n g  t h e  number o f  b o l e  " d i s c "  s e c t i o n s  f o r  which b o t h  
dry b iomass  is measured  ( i n  p a r t i c u l a r ,  a d i s c  n e a r  t h e  t o p  
of t h e  b o l e  would b e  v a l u a b l e ) .  
S t a n d a r d  e r r o r s  f o r  t r e e - l e v e l  e s t ima tes  o f  l e a f  a r e a  
were much l a r g e r  t h a n  t h o s e  f o r  b iomass  -- up t o  20% t o t a l  
-- I 
l e a f  a r e a  for b o t h  s p e c i e s  ( T a b l e s  3 and 4 ) .  The main 
d e t e r n i n a n t s  o f  t h i s  e r r o r  were (1) a c c u r a c y  o f  e s t i m a t i o n  o f  
l e a f  a r e a  t o  w e i g h t  r a t i o s  and ( 2 )  a c c u r a c y  o f  b r a n c h - l e v e l  
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r e g r e s s i o n s  f o r  p r e d i c t i o n  o f  l e a f  w e i g h t  ( F e i v e s o n  and  
C h h i k a r a  1986) .  - 
For  a s p e n ,  e r r o r  i n  l e a f  a r e a  e s t i m a t i o n  was a b o u t  
e q u a l l y  p a r t i t i o n e d  be tween t h e s e  t w o  s o u r c e s ,  so  r e d u c t i o n  
of e i t h e r  component c o u l d  improve  t h e  t r e e - l e v e l  e s t ima te  
s i g n i f i c a n t l y .  R a t i o s  c o u l d  mos t  e f f e c t i v e l y  be improved b y  
i n c r e a s i n g  t h e  number o f  l e a v e s  p e r  s t r a t u m  f o r  a r e a  
measurement.  The l a r g e s t  c o e f f i c i e n t s  o f  v a r i a t i o n  f o r  l e a f  
a r ea  were f o r  s m a l l  t rees ,  p r o b a b l y  p r i m a r i l y  d u e  t o  sma l l e r  
l e a f  samples .  Improvement  o f  b r a n c h  r e g r e s s i o n s  c o u l d  b e  
o b t a i n e d  t h r o u g h  c h a n g e s  i n  b r a n c h  s a m p l i n g  scheme d i s c u s s e d  
.- 
a b o v e ,  and p o s s i b l y  b y  i n c r e a s i n g  number o f  b r a n c h e s  s a m p l e d ,  
b u t  t h e  i n c r e a s e d  e f f o r t  would b e  g r e a t e r  t h a n  t h a t  f o r  
improving  r a t i o  e s t i m a t i o n .  
For  sp ruce ,  o n  t h e  o t h e r  h a n d ,  n e a r l y  a l l  o f  t h e  e r r o r  
i n  l e a f  area e s t i m a t i o n  stems from t h e  b r a n c h  r e g r e s s i o n .  
S p r u c e  t r e e s  b e a r  many more b r a n c h e s  t h a n  a s p e n  (up  t o  4GJ0 on 
sampled  t rees ,  as  opposed  t o  a maximum o f  60 f o r  a s p e n ) ,  s o  
the d i f f e r e n c e  be tween s p e c i e s  may b e  a c o n s e q u e n c e  o f  a much 
s m a l l e r  p r o p o r t i o n  o f  b r a n c h e s  h a v i n g  been  sampled .  Because  
of t h i s  d i f f e r e n c e ,  improvement  o f  r a t i o  e s t i m a t e s  f o r  s p r u c e  
would s e r v e  l i t t l e  pu rpose .  L a r g e r  b r a n c h  s a m p l e s ,  however ,  
would  i n c r e a s e  e f f o r t  g r e a t l y ,  s i n c e  b r a n c h  s a m p l i n g  is  more 
e x p e n s i v e  i n  f i e l d  time and e f f o r t  t h a n  i s  l e a f  a r e a  
measurement.  T h e r e f o r e ,  some th ing -  l i k e  t h e  o b s e r v e d  
a p p o r t i o n m e n t  o f  e r r o r  may r e s u l t  from t h e  most  c o s t -  
e f f i c i e n t  a p p r o a c h  t o  s p r u c e  l e a f  a r e a  e s t i m a t i o n ,  u n l e s s  
improved b r a n c h  r e g r e s s i o n  m o d e l s  c o u l d  b e  d e v e l o p e d .  
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E v a l u a t i o n  of T ree -Leve l  Biomass and -Leaf Area P r e d i c t o r s  - - - - 
I n  F i g u r e s  6a-Sb, v a l u e s  o f  b iomass  and l e a f  a r e a  
d e r i v e d  from our  f i e l d  measurements  o f  s a c r i f i c e d  t r e e s  a r e  
p l o t t e d  a g a i n s t  v a l u e s  p r e d i c t e d  by ou r  d i m e n s i o n  a n a l y s i s  
e q u a t i o n s .  "Measured" and p r e d i c t e d  b i o m a s s e s  f o r  b o t h  
s p e c i e s  a r e  n e a r l y  e q u a l ;  t h e  s c a t t e r  f o r  l e a f  a r e a  is much 
g r e a t e r .  P a t t e r n s  o f  r e s i d u a l s  ( T a b l e  7)  s u g g e s t  
i n a d e q u a c i e s  o f  o u r  mode l s  which may be  r o o t e d  i n  e c o l o g i c a l  
p a t  t e r n s  . 
-- 
Biomass a p p e a r s  t o  be c o n s i s t e n t l y  u n d e r e s t i m a t e d  by o u r  
p r e d i c t i v e  e q u a t i o n s  f o r  v e r y  s m a l l  a s p e n  t r ees ,  p o s s i b l y  due  
t o  f o r c i n g  t h e  r e g r e s s i o n s  t h r o u g h  t h e  o r i g i n .  Leaf a r e a ,  on 
t h e  o t h e r  hand,  is o v e r e s t i m a t e d  f ~ r  s m a l l  aspen trees ,  
S y s t e m a t i c  e r r o r s  a r e  n o t  a p p a r e n t ,  t hough ,  f o r  l a r g e r  a s p e n  
t r e e s .  These r e s u l t s  s u g g e s t  t h a t  s e p a r a t e  m o d e l s  m i g h t  b e  
p r o f i t a b l y  used f o r  s m a l l  and l a r g e  a spen  t r e e s .  
our s a m p l e  s i z e  is t o o  s m a l l  f o r  d e v e l o p m e n t  o f  two 
r e g r e s s i o n s ,  t h e  same e f f e c t  is a c c o m p l i s h e d ,  t o  some e x t e n t ,  
i n  our e q u a t i o n  f o r  l e a f  a r e a ;  t h e  f i r s t  t e rm is p r e d o m i n a n t  
A l though  
f o r  s m a l l  t r ee s  b e c a u s e  of  t h e  l a r g e  c o e f f i c i e n t ,  w h i l e  t h e  
l a r g e r  exponen t  o f  t h e  second t e rm c a u s e s  i t  t o  d o m i n a t e  t h e  
e s t i m a t e  o f  l e a f  a r e a  f o r  l a r g e r  t r e e s .  Other  s t u d i e s  h a v e  
d e v e l o p e d  biomass e s t i m a t o r s  ( b u t  n o t  l e a f  a r e a )  s p e c i f i c a l l y  
f o r  s m a l l  a spen  t r e e s  (2 ,  16 ,  and 1 9  i n  T a b l e  l ) ,  b u t  i t  i s  
-- - 
u n c l e a r  a t  wha t  s i z e  a d i v i s i o n  s h o u l d  b e  made.  
P r e d i c t e d  l e a f  a r e a s  fo r .  f o u r  s p r u c e  t r e e s  w i t h  t h e  
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g r e a t e s t  measured l e a f  a r e a  were v e r y  l o w ;  a l l  f o u r  a r e  f rom 
u n u s u a l l y  r i c h  bog s t a n d s .  Leaf a r e a s  t e n d e d  t o  be 
o v e r e s t i m a t e d  f o r  s p r u c e  t r e e s  o f  i n t e r m e d i a t e  " t r u e "  l e a f  
a r e a ,  p r o b a b l y  due  t o  t h e  l e v e r a g e  o n  t h e  r e g r e s s i o n  by t h e  
f o u r  h i g h  l e a f  a rea  t r ees .  Biomass,  f o r  s m a l l  s p r u c e  t r e e s ,  
was o v e r e s t i m a t e d ;  t h e s e  t r ees  were from s t a n d s  g rowing  o n  
e x t r e m e l y  poor  s i t e s .  These  r e s u l t s  s u g g e s t  d e p e n d e n c e  o n  
s i t e - q u a l i t y  o f  d i m e n s i o n a l  r e l a t i o n s h i p s  i n  s p r u c e .  Moore 
a n d  Verspoor  (1973) and P a r k e r  e t  a l .  (1983) p o i n t  o u t  
c h a n g e s  i n  morpho logy  be tween t y p e s  o f  u p l a n d  s i t e s  and  
be tween u p l a n d  and bog s i t e s ;  o u r  r e s u l t s  s u g g e s t  d i f f e r e n c e s  
among t y p e s  o f  bogs.  H a b i t a t - s p e c i f i c  m o d e l s  m i g h t  be 
a p p r o p r i a t e ,  b u t  i t  is n o t  c l e a r  how t h e  c u t - o f f  p o i n t  
be tween m o d e l s  s h o u l d  be d e t e r m i n e d .  Our d a t a  s e t  was t o o  
s m a l l  t o  a d e q u a t e l y  f i t  s e p a r a t e  mode l s .  
Of t h e  many d i m e n s i o n  a n a l y s e s  p u b l i s h e d  f o r  a s p e n  and 
b l a c k  s p r u c e  ( T a b l e s  1 a n d  2), t h e  r e s u l t s  o f  o n l y  a f e w  c a n  
be d i r e c t l y  compared t o  o u r s ;  most  a r e  f o r  d i f f e r e n t  r e g i o n s  
or s i z e  ranges or estimate d i f f e r e n t  v a r i a b l e s .  Four s t u d i e s  
of a s p e n  (6, 8 ,  1 0 ,  a n d  2 2  i n  T a b l e  1) i n  t h e  u p p e r  
midwes te rn  Uni ted  S t a t e s  and  a d j a c e n t  O n t a r i o  c o v e r  a s i z e  
r a n g e  comparab le  t o  t h a t  o f  o u r  s t u d y  and  g i v e  e s t i m a t o r s  o f  
t o t a l  d r y  b iomass ;  two o f  t h e s e  o f f e r  l e a f  a r e a  e s t i m a t o r s .  
For s p r u c e  o n l y  two s t u d i e s  a r e  a v a i l a b l e  f o r  o u r  s t u d y  
r e g i o n  ( S c h l a e g e l  1975b;  R o u s s o p o u l o s  and Loomis 1 9 7 9 ) ,  s i z e  
r a n g e  i s  n o t  g i v e n  f o r  t h e  f i r s t  a n d  t h e  s e c o n d  a d d r e s s e s  
o n l y  s m a l l  t r e e s ,  p o o l s  b l a c k  s p r u c e  and w h i t e  s p r u c e  (& 
g l a u c a ) ,  and  i n c o r p o r a t e s  t r e e s  f rom u p l a n d  s t a n d s .  O n l y  o n e  
. ,. . 
s t u d y ,  f rom Quebec, e s t i m a t e s  s p r u c e  l e a f  a r e a  (Weetman and 
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H a r l a n d  ( 1 9 6 4 ) l ;  w e  h a v e  n o t  a t t e m p t e d  compar i son  w i t h  o u r  
r e s u l t s ,  a s  a r e a s  e s t i m a t e d  by  Weetman and H a r l a n d  a r e  a l l -  
s i d e d  r a t h e r  t h a n  p r o j e c t e d .  None o f  t h e  s t u d i e s  examined 
o f f e r  d e t a i l e d  i n f o r m a t i o n  on  v a r i a n c e  a s s o c i a t e d  w i t h  
e s t i m a t e s  o f  l e a f  a r e a  o r  b iomass  f o r  s a c r i f i c e d  t r e e s .  
E s t i m a t o r s  f o r  v a r i a n c e  o f  b iomass  o r  l e a f  a r e a  p r e d i c t i o n s  
f o r  s t a n d i n g  t rees  a r e  s o m e t i m e s  g i v e n ,  abut i n v o l v e  u n t e s t e d  
ass um p t  i o n s  a bo u t  e r r o r d i s t r i b u t i o n s  . 
F i g u r e s  6a-6c compare p r e d i c t i o n s  o f  b iomass  and l e a f  
_- 
a r e a  f o r  o u r  s a c r i f i c e d  t rees ,  u s i n g  p r e d i c t o r s  from o u r  
s t u d y  and  se lec ted  pub1 i s h e d  s t u d i e s ,  w i t h  o u r  f i e l d - m e a s u r e d  
v a l u e s .  For a s p e n  b iomass ,  a l l  p r e d i c t o r s  b u t  t h a t  o f  P a s t o r  
anA R n p k h p i m  (1981) e ~ - m < G ~ - ~ - & l * v  ..-S-----:---- & : - - - - -  e -  - -..- U"" ..*.- -1.1 ~ A ~ I I L L L L ~ I I L L  y U I I U F L  raLLiIIaLE: U L U I I I Q ~ Z i  L O K  
s m a l l  t r e e s  ( n o t  v i s i b l e  i n  F i g u r e ) .  P r e d i c t i o n s  from 
S c h l a e g e l  (1975b) a r e  s i g n i f i c a n t l y  b e l o w  measured v a l u e s  
t h r o u g h o u t ,  
b i a s e d ,  r e s u l t s  f o r  mid-s ize  and l a r g e  trees.  Biomass 
e s t i m a t o r s  f o r  s p r u c e  g i v e  more d i v e r g e n t  r e s u l t s ,  
Ker (1984) and O u e l l e t  (1983a) g i v e  good p r e d i c t i o n s  f o r  
s m a l l  t r e e s  w h i l e  t h o s e  from t h i s  s t u d y  and S c h l a e g e l  (1975b) 
g i v e  u n d e r e s t i m a t e s .  P r e d i c t i o n s  f o r  l a r g e r  t rees-  a r e  
s i g n i f i c a n t l y  b e l o w  measured v a l u e s  f o r  S c h l a e g e l ;  Ker and 
O u e l l e t  b o t h  t e n d  t o  o v e r e s t i m a t e  b iomass  f o r  l a r g e  t r ee s .  . 
Aspen l e a f  a r e a  e s t i m a t e s  show a b r o a d e r  s c a t t e r .  Both 
p r e d i c t o r s  from t h e  l i t e r a t u r e  u n d e r e s t i m a t e  l e a f  a r e a  f o r  
s m a l l  t r e e s ,  b u t  show no c l e a r  b i a s  f o r  l a r g e r  t r e e s .  
Other  p r e d i c t o r s  g i v e  s i m i l a r ,  and n o t  n o t a b l y  
Those o f  
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l e a f  a r e a  p r e d i c t o r s  f o r  s p r u c e  were c o m p a r a b l e  w i t h  o u r s .  
B i a s  o f  a p r e d i c t o r  f o r  o u r  d a t a - s e t  d o e s  n o t  
n e c e s s a r i l y  i m p l y  t h a t  t h e  p r e d i c t o r  is i n a c c u r a t e  i n  t h e  
s i t - u a t i o n  f o r  which i t  was d e r i v e d .  Some d i v e r g e n c e  n a y  be 
due  t o  s t a t i s t i c a l l y  i n a p p r o p r i a t e  a p p l i c a t i o n  o f  e q u a t i o n s  
(i.e., f o r  t r e e s  beyond the  s i z e  r a n g e  f o r  which p r e d i c t o r s  
were d e v e l o p e d ) .  I n  m o s t  o f  t h e  cases  i n  F i g u r e  5, however ,  
i t  is more l i k e l y  t h a t  d i v e r g e n c e  is  due  t o  l o c a l  v a r i a t i o n s  
i n  a l l o m e t r y  o r  i n  d i f f e r e n t  r e s p o n s e s  t o  h a b i t a t .  
P r e d i c t o r s  f o r  s p r u c e  b i o m a s s ,  i n  p a r t i c u l a r ,  were d e r i v e d  
u s i n g  t r e e s  from u p l a n d  and  bog s t a n d s  and from d i f f e r e n t  
g e o g r a p h i c a l  r e g i o n s .  
p r e d i c t o r s  s h o u l d  be  used o n l y  i n  circumstances s i m i l a r  t o  
t h o s e  f o r  which th.ey were d e r i v e d .  
B i o l o g i c a l  Meanings - i n  D i m e n s i o n a l  R e l a t i o n s h i p s  
. 
' 
Again,  t h e  g e n e r a l  imp1 i c a t i o n  is t h a t  
The form o f  d i m e n s i o n a l  r e l a t i o n s h i p s  ( T a b l e  6 )  and 
p a t t e r n s  o f  b iomass  a l l o c a t i o n  ( F i g u r e  2) show d i f f e r e n c e s  
between s p e c i e s .  I n  a s p e n  t r e e s  , t h e  p r o p o r t i o n  o f  b i o m a s s  i n  
b o l e s  i s  g r e a t e s t  a t  i n t e r m e d i a t e  s i z e s ,  w h i l e  b r a n c h  b i o m a s s  
p r o p o r t i o n  i n c r e a s e s  t o w a r d s  b o t h  extremes o f  s i z e .  Amon3 
s p r u c e  t r e e s  b r a n c h  b i o a a s s  r e m a i n s  a r e l a t i v e l y  c o n s t a n t  
P r o p o r t i o n  o f  t h e  t o t a l  o v e r  s i z e  a f t e r  a d e c r e a s e  from t h e  
s m a l l e s t  s i z e s .  ( F o l i a g e  b iomass  p r o p o r t i o n  f o r  b o t h  shows 
f a i r l y  c o n s t a n t  t r e n d s  and  is, e x c e p t  f o r  t h e  s m a l l e s t  t r e e s ,  
a v e r y  smal l  p r o p o r t i o n  of  t h e  t o t a l . )  The h i g h  b r a n c h  
b iomass  p r o p o r t i o n  i n  s m a l l  t r e e s  and i t s  s u b s e q u e n t  d e c r e a s e  
i n  b o t h  s p e c i e s  is p r o b a b l y  a n e c e s s a r y  cDnseyuence  o f  
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s u p p o r t i n g  a s u f f i c i e n t  canopy o f  f o l i a g e  on  a s m a l l  b o l e .  
The d i f f e r e n c e s  be tween spec ies  may be d u e  t o  g r e a t e r  
~ 
p l a s t i c i t y  o f  g r o w t h  form of  a s p e n  and i t s  e a r l y  s u c c e s s i o n a l  
r o l e .  The p r o p o r t i o n a l  i n c r e a s e  i n  b r a n c h  b iomass  i n  l a r g e  
a s p e n  may b e  a s u c c e s s i o n a l  p a t t e r n .  Dur ing  e a r l y  and mid 
s u c c e s s i o n  a s p e n  t r e e s  a r e  g e n e r a l l y  i n  c l o s e d  s t a n d s  and  
7 
8 
crown e x p a n s i o n  is l i m i t e d  b y  c o m p e t i t o n  w i t h  s u r r o u n d i n g  
trees.  The l a r g e s t  a s p e n  t r ee s  s a c r i f i c e d  i n  t h i s  s t u d y  were 
9 
f rom l a t e r  s u c c e s s i o n a l  s t a n d s  where t h e  canopy  had  become 
more open  due  t o  s e n e s c e n c e  and d e a t h  o f  some trees. 
C o n s e q u e n t l y ,  c rowns  were p r o p o r t i o n a l l y  wider  and more 
h e m i s p h e r i c a l  t h a n  t h o s e  i n  c l o s e d  s t a n d s .  A l though  s p r u c e  
1 0  
11 
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13 
t r e e s  were s e l e c t e d  from a wide  r a n g e  o f  s t a n d  d e n s i t i e s  and 
14 
. c l o s u r e ,  crcwn sh$pe  appare~tly r e m a i ~ e c !  r e l a t i v e l y  c o a s t a n t ,  
15 
16 
p e r h a p s  d u e  t o  t h e  more d e t e r m i n a n t  g r o w t h  form o f  c o n i f e r s .  
T h i s  r e a s o n i n g  is c o n s i s t e n t  w i t h  t h e  d i f f e r e n c e s  
be tween m o d e l s  which proved most  s u c c e s s f u l  i n  t h e  two 
s p e c i e s  f o r  p r e d i c t i o n  of b i o m a s s  and l e a f  a r e a .  D i r e c t l y  
measured  crown d i m e n s i o n s  p r o v e d  t h e  b e s t  p r e d i c t o r s  o f  l e a f  
area f o r  a s p e n ,  and  t h e s e  v a r i a b l e s  a l s o  s i g n i f i c a n t l y  
i n c r e a s e d  a c c u r a c y  i n  p r e d i c t i o n  o f  t r e e  biomass.  For  
s p r u c e ,  however ,  crown d i m e n s i o n s  d i d  n o t  s i g n i f i c a n t l y  
improve  p r e d i c t i v e  power o f  e q u a t i o n s  b a s e d  on w h o l e - t r e e  
d i m e n s i o n s  ( d i a m e t e r  and h e i g h t )  . R e l a t i o n s  among d i m e n s i o n s  
of s p r u c e  t r e e s  a r e  a p p a r e n t l y  s u f f i c i e n t l y  d e t e r m i n a n t  t h a t  
crown d i m e n s i o n s  can b e  a c c u r a t e l y  p r e d i c t e d  from d i a m e t e r  
and h e i g h t .  
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G r e a t e r  v a r i a b i l i t y  i n  a s p e n  makes i n c o r p o r a t i o n  
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o f  crown d i m e n s i o n s  d e s i r a b l e .  
P a t t e r n s  o f  r e s i d u a l s  ( T a b l e  7 ) , "and  d i m e n s i o n  a n a l y s i s  
e q u a t i o n s  s u g g e s t  morpho1 og i c a l  d i f f e r e n c e s  among s i z e  
cl5sses w i t h i n  s p e c i e s .  For a s p e n  t h e s e  d i f f e r e n c e s  a r e  
p re sumab ly  o n t o g e n e t i c ;  t r ee  s i z e ,  i n  o u r  s a m p l e ,  i s  
d e t e r m i n e d  by a g e  s i n c e  n e a r l y  a l l  t r e e s  were from even-aged  
s t a n d s .  O the r  w o r k e r s  h a v e  found d i m e n s i o n a l  r e l a t i o n s h i p s  
f o r  aspen  t o  d i f f e r  among s i t e - t y p e s  (Hocker  1982)  and c l o n e s  
a n d / o r  e c o t y p e s  ( J o h n s t o n  and  B a r t o s  1 9 7 7 ) ,  b u t  w e  saw no 
c l e a r  s u g g e s t i o n  o f  s u c h  v a r i a t i o n .  D i f f e r e n c e s  i n  t h e  
a l l o m e t r y  o f  s p r u c e  t r ee s ,  o n  t h e  o t h e r  hand ,  a p p e a r s  t o  be a 
f u n c t i o n  o f  h a b i t a t .  S m a l l  t r ee s  were from mixed-age,  o p e n  
b o g  s t a n d s  a n d  a g e s  c o v e r e d  a w i d e  r a n g e ;  l a r g e  t r e e s  were 
f rom r i c h  si tes where c a n o p i e s  were c l o s e d  and a p p r o x i m a t e l y  
even-aged. Trees o f  h i g h e s t  l e a f  a r e a  were from s i m i l a r  
c 
s t a n d s  of t a l l ,  well-spaced, m a t u r e  trees.  P a r k e r  e t  a l .  
(1983) s u g g e s t  e c o t y p i c  v a r i a t i o n  be tween  bog and u p l a n d  
b l a c k  s p r u c e ,  b u t  i t  is u n c l e a r  whe the r  v a r i a t i o n  s e e n  h e r e  
is g e n e t i c  o r  d u e  t o  p l a s t i c  r e s p o n s e  t o  s i t e  c o n d i t i o n s  and 
s t a n d  d e n s i t y .  
The r a t i o s  i n  T a b l e  5 show p a t t e r n s  c o n s i s t e n t  w i t h  eco -  
l o g i c a l  u n d e r s t a n d i n g .  Leaf a r e a : w e i g h t  r a t i o s  d e c r e a s e  f rom 
h i g h e r  t o  l o w e r  s t r a t a ,  w h i l e  d r y  w e i g h t : g r e e n  w e i g h t  r a t i o s  
show t h e  r e v e r s e  p a t t e r n s .  T h i s  p a t t e r n ,  a l s o  o b s e r v e d  i n  
a s p e n  by Z a v i t k o v s k i  (1971)  and-Pol l a r d  ( 1 9 7 2 ) ,  is c o n s i s t e n t  
w i t h  d i f f e r e n c e s  be tween b r o a d ,  t h i n  s h a d e  l e a v e s  and 
t h i c k e r ,  more r i g i d  s u n  l e a v e s .  S p r u c e  n e e d l e s  a l s o  showed 
an  i n c r e a s e  i n  d e n s i t y  (i.e., a d e c r e a s e  i n  a r e a : w e i g h t  
.a. 
. _  
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r a t i o s )  w i t h  age ;  t h i s  nay b e  d u e  t o  i n c r e a s i n g  
c o n c e n t r a t i o n s  o f  h e a v i e r  s t r u c t u r a l  compounds and r e s i n s .  
- 
SUMMARY AND CONCLUSIONS - 
A 1  t hough  many d imens ion  a n a l y s e s  h a v e  been pub1 i s h e d ,  
s e v e r a l  f o r  t h e  s p e c i e s  a d d r e s s e d  h e r e ,  t h i s  s t u d y  o f f e r s  ad- 
v a n c e s  i n  s t a t i s t i c a l  p r o c e d u r e s ,  i n c l u d i n g  v a r i a n c e  
e s t i m a t o r s  t h a t  a r e  f r e e  o f  some q u e s t i o n a b l e  d i s t r i b u t i o n a l  
a s s u m p t i o n s  and a n a l y s e s  o f  s o u r c e s  o f  e r r o r  which p o i n t  t o  
c o s t - e f f e c t i v e  means f o r  improv ing  e s t i m a t e s .  S i n c e  o u r  
r e s u l t s  s u p p o r t  t h o s e  of s e v e r a l  o t h e r  s t u d i e s  ( P a s t o r  e t  
1983;  James and Smi th  1977; Koerper  and R icha rdson  1980; 
Moore and Verspoor  1973;  P a r k e r  e t  a l .  1983)  showing t h a t  
.d imension a n a l y s i s  r e l a t i o n s h i p s  a r e  reg ion-and  h a b i t a t -  
s p e c i f i c  and s h o u l d  be a p p l i e d  
t r e e s  used t o  d e r i v e  them, o u r  
a p p l i c a b l e  i n  some c a s e s  where 
Our r e s u l t s  s u g g e s t  t h a t ,  
o n l y  w i t h i n  t h e  s i z e  r a n g e  
e s t i m a t o r s  w i l l  a l s o  b e  
no o t h e r s  a r e  a v a i l a b l e .  
a l .  
o f  
f o r  h i g h  e s t i m a t i o n  a c c u r a c y  
over  a l l  s i z e  r a n g e s  and s i t e - t y p e s ,  s i n g l e  m o d e l s  a r e  
p r o b a b l y  n o t  a p p r o p r i a t e  f o r  a s p e n  and s p r u c e .  Some of o u r  
e s t i m a t o r s ' a r e  l e a s t  accurate ,  and  may b e  b i a s e d ,  f o r  s m a l l  
t rees .  Des ign  o f  f u t u r e  d imens ion  a n a l y s e s  s h o u l d  - t a k e  i n t o  
a c c o u n t  t h e  p r o b a b l e  need f o r  s e p a r a t e  m o d e l s  f o r  young and 
old aspen .  P a r t  o f  s u c h  a s t u d y  s h o u l d  be d e t e r m i n a t i o n  o f .  
t h e  s i z e  o r  age  where models  s h o u l d  be changed.  S e p a r a t e  
m o d e l s  f o r  d i f f e r e n t  s i t e  c o n d i t i o n s  (e.g., s t a n d  n u t r i e n t  o r  
w a t e r  reg ime a s  s u g g e s t e d  b y  f l o r i s t i c s  o r  t r e e  g r o w t h  r a t e s )  
-- - 
1 may be a p p r o p r i a t e  f o r  bog-grown s p r u c e .  
2 Our e r r o r  e v a l u a t i o n ,  f o r  e a c h  s t a g e  o f  a n a l y s i s ,  a l l o w s  
3 more more o b j e c t i v e  assessment o f  t h e  r e l i a b i l i t y  o f  
4 dfiiiension a n a l y s i s  r e s u l t s .  More i m p o r t a n t l y ,  we h a v e  shown 
5 t h a t ,  by compar ing  p a r t i c u l a r  s o u r c e s  o f  e r r o r ,  o n e  may 
6 d e t e r m i n e  t h e  most  c o s t - e f f e c t i v e  p r o c e d u r a l  means o f  
7 improving  t r e e  b i o m a s s  and l e a f  a r ea  e s t i m a t e s  and p r e d i c t i v e  
a e q u a t i o n s .  For example ,  w e  h a v e  s u g g e s t e d  c h a n g e s  i n  
9 b r a n c h  s a m p l i n g  schemes ,  b o l e  m o d e l i n g ,  etc., which may be 
1 0  weighed a g a i n s t  o n e  a n o t h e r  i n  l i g h t  o f  t h e i r  r e l a t i v e  
11 c o n t r i b u t i o n s  t o  improved a c c u r a c y .  
Y 
1 2  F i n a l l y ,  c a r e f u l l y  c o n d u c t e d  s t u d i e s  o f  d i m e n s i o n a l  
1 3  r e l a t i o n s h i p s  i n  t r e e s  c a n  p r o v i d e  b i o l o g i c a l  and e c o l o g i c a l  
1 4  i n s i g h t .  For e x a m p l e ,  o u r  r e s u l t s  s u g g e s t  t h a t  s p r u c e  and 
1 5  a s p e n  d i f f e r  i n  m o r p h o l o g i c a l  p l a s t i c i t y .  T h i s  d i f f e r e n c e  
16 migh t  h a v e  f u r t h e r  c o n s e q u e n c e s  i n  d e t e r m i n i n g  r e s p o n s e s  o f  
17 t h e s e  two s p e c i e s  t o  c o m p e t i t i o n  o r  p h y s i c a l  l i m i t i n g  
18 f a c t o r s .  
~ ~ ~ _ _ _  
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S t u d y l  
1 2 3 4 5 
L o c a t i o n  Maine N . B f . ,  Alb. Minn. O n t .  
N.S. 
# Trees 1 4  20 4 9  50 25 
S i z e  r a n g e  5.8- 0.2- 4.5- ** 
(dbh  i n  c m )  9.8 4 . 1  33.0 
Model2 AL A L  A L , A L  A L  
* 
Component3 Bo,Br Fo,To Bo,Br Fo+Tw None 
E s t i m a t e d  
Leaf Area No N o  Ye s No Yes 
Biomass R t  , TO FO TO 
Indep .  D? H D D2H,D HIW2 D 
Va r i a b l e  s 4 H,C W2C 
C / H  
Drying Temp. * 70 85 95 80 
(OC) . 
S t u d y l  
9 1 0  11 1 2  13 
L o c a t i o n  Maine Minn. Minn. B.C. N e w  
B r .  
# Trees 30 491 1 0  1 9  15 
Size r a n g e  1.0- 5.0- * 10.0- 0.0- 
(dbh i n  c m )  16 .5  33.0 60.0 20.0 
Model2 AL A L  AL L A L  
Component3 Bo,Br Bo,Ba Bo Bo,Ba Bo,To 
Biomass  Fo,To To Br ,To 
E s t i m a t e d  ***** 
N o  _-  - Leaf Area No No No No 
Indep  . D D ~ H  D ~ H  D ~ H  D ~ H  
Va r i a b l  e s  4 D , H  
. .  . 
6 7 8 
Wisc. Minn. Ont. 
50 25 
2.7- * 
29.1  
AL A L  
Bo,Ba *** 
Br , Fo 
To 
r 
Yes No 
D2H D 
DC 
70 * 
1 4  
Utah , 
wyo . 
20 
3. 0- 
36.0 
**** 
Fo , Tw 
Br , Bo 
To 
Ye s 
1 5  
Ont . 
36 
10.7-  
24.0 
L i A L  
Bo , B r  
FO ,TO 
No 
132 
* *  
AL 
Fo ,TO 
Yes 
D 
* 
1 6  
Minn. 
28 
0.5- 
1.75 
A 
Fo , TW 
BO, T O  
No 
D 2 H f D  D 
H, DH 
D 
70 80  78 
Study’ 
17  1 8 5  1 9  
L o c a t i o n  N.H.  N.Y.  Minn. 
-- 
# T r e e s  128 31  27 
S i z e  r a n g e  0.3- * 0.5- 
(dbh  i n  c m )  14.7 3 . 3  
Model2 AL L A 
Component 3 T o ,  Ba Bo, To Bo+Br 
Biomass Fo , To 
Es t ima t ed 
Leaf Area No No No 
Indep .  D, H D,D2, D 
V a r i a b l e s 4  C / H  H ,  D2H 
Drying Temp. 70 * 1 0 5  
(OC) 
S t u d y 1  . 
25 26 27 
L o c a t i o n  Man., Que. Alb. 
Alb.  
# T r e e s  6 0  1 3 3  * 
Size  r a n g e  <10.0- 1.5- 2.0- 
(dbh i n  c m )  >31.0 47.2 22.0 
Component 3 Bo , Ba Bo , To Bo , Br 
Biomass Br ,To Fo ,Tw 
E s t i m a t e d  To 
Leaf Area N o  N o  Y e  s 
Indep .  D , H , D 2  D , H  D 
V a r i a b l e s 4  D3,D2H 
Drying Temp. l a 3  1 0 5  90 
( O C )  
2 0  
N . S .  
46 
1.8- 
33.3 
A L  
Bo , B r  
Ba , Fo 
To 
No 
D , H  
w, c 
1 0 5  
21 
Alb . ,  
S a s k .  
279 
2.0- 
31.0 
A L  
Bo ,Ba 
B r  ,Eo 
To 
No 
D ~ H  
* 
28 . 
N.S., 
N . B r .  
200 
****** 
A 
Bo , B r ,  
Fo ,To 
. .  
No 
22 
Wisc. 
9 
14.7- 
39.7 
A L  
Bo , B r  
Ba , Fo 
To 
N o  
D 
60 
23 24 
Alaska  N.H.  
1 4 4  34-80 
0.5- 0.3- 
8.2 15 .0  
A L  A L  
Bo , B r  Fo , B r  
Fo , Tw Bo 
To 
Y e s  Y e s  
D D 
c 
70 8 5  
. .  . 
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l S t u d i e s  a r e  a s  f o l l o w s :  
1. Young, e t  a l .  (1964) ;  2. T e l f e r  (19-69); 3. P e t e r s o n ,  
e t  a l .  (1970) ;  4. Peek (1970) ;  5. P o l l a r d  (1970) ;  6. Z a v i t k o v s k i  
( 1 9 7 1 ) ;  7. S a n d o  and  W i c k  ( 1 9 7 2 ) ;  8. P o l l a r d  ( 1 9 7 2 ) ;  9. R i b e  
( 1 9 7 2 ) ;  1L S c h l a e g e l  (1973,  1975a) ;  11. S c h l a e g e l  (1975b) ;  
12. Adamovich (1975) ;  13. Maclean and Wien (1976) ;  14. J o h n s t o n  
and B a r t o s  (1977) ,  B a r t o s  and J o h n s t o n  (1978) ;  15. James and 
Srnith (1977) ;  16. G r i g a l  and Ohmann (1977) ;  17. G o l d s m i t h  and 
Hocker (1978) ;  18. M o n t e i t h  (1979);  19. R o u s s o p o u l o s  and Loomis 
(1979) ;  20. Ker (1980) ;  21. B e l l a  and DeFrancesch i  (1980) ;  22. P a s t o r  
and Bockheim (1981);  23. Van C leve  a n d ' o l i v e r  (1982) ;  21. Hocker 
( 1 9 8 2 ) ;  25. S i n g h  ( 1 9 8 2 ) ;  26. O u e l l e t  ( 1 9 8 3 b ) ;  27. L i e f f e r s  a n d  
Campbe l l  (1984);  28. Ker ( 1 9 8 4 ) .  
--
--
L = l i n e a r ;  A = a l l o m e t r i c ;  AL = a l l o m e t r i c ,  l o g a r i t h m i c  form; 
3 F o = F o l  i a g e ,  Tw=Cur ren t  Twig, Br=Branch, Bo=Bole,  B k = B a r k ,  
To=To t a  1 I Rt=Roo t 
D=Diameter ( a t  b r e a s t  h e i g h t  o r ,  i n  some cases ,  15 c m ) ;  
H=Height,  W=Width of  Crown, C=Depth o f  Crown 
S p e c i e s  o f  Popu lus  pooled  
* I n f o r m a t i o n  n o t  g i v e n .  
** Only  H g i v e n :  r a n g e  '.79-3.55 m ( s t u d y  4 )  2.0-26.0 m ( s t u d y  8 )  . 
*** "Crown we igh t "  e s t i m a t e d :  d e f i n e d  a s  f o l i a g e  p l u s  b r a n c h e s  l e s s  
t h a n  2.5 i n c h e s  i n  d i a m e t e r .  
**** Uses power f u n c t i o n  o f  D. 
***** E s t i m a t o r s  a r e  for w e t  o r  g r e e n  w e i g h t  o n l y .  
****** Not g i v e n ;  r a n g e  o f  D is 35.9.cm. 
TABLE 2: PUBLISHED DIMENSION ANALYSES OF BLACK SPRUCE 
S t u d y l  
1 2 - 
L o c a t i o n  Que.  Que.  
# Trees 20 22 
S i z e  r a n g e  6.0- 2.5- 
(dbh  i n  c m )  17 .0  15.0 
Model2 AL A L  
Componen t3  F o , B o  To 
Biomass B r  ,To 
E s t i m a t e d  
Leaf Area Yes N o  
Indep .  D D 
V a r i a b l e s  4 
Dry ing  Temp. 110  85 
( O C  1 
S t u d y l  
8 9 
L o c a t i o n  Alb . ,  Que. 
S a s k .  
# T r e e s  60 734 
Si,ze r a n g e  <10.0- 3.1- 
(dbh i n  cm) >31.0 32.9 
Model2 L ** 
Component3 B r , B o  B o , T o  
Biomass B a  ,To 
E s t i m a t e d  
Leaf Area N o  No 
Indep.  D2, ** 
Va r i a b l  e s 4 
Dry ing  Temp. 103  1 0 5  
( O C )  
3 4 55 5 7 
Minn. A l a s k a  Minn. Que. N.Sc. 
18 36 25  15  49 
* 1.4- 0.5- 1.0- 1.6- 
12 .9  3.3 15 .0  33.8 
A L  A L  A A L  AL 
F o , B r  B o + B r ,  F o , C o  F o , B r  Bo 
B a , B o  To,Fo B r , B o  B 0 , B a  
TO ,CO R t  To 
N o  N o  No No No 
- 
D ~ H  D D D D, H 
W D3,D2H H , D  
1 0 5  65 1 0 5  70 1 0 5  
1 0 6  
No So, 
N . B r .  
200 
*** 
A 
B o , B r ,  
Fo ,To 
* 
? S t u d i e s  a r e  a s  f o l l o w s :  
1. Weetman and Har l and  (1964);  2. Moore and V e r s p o o r e  
( 1 9 7 3 ) ;  3. S c h l a e g e l  ( 1 9 7 5 b ) ;  4. B a r n e y ,  - e t -- a l .  ( 1 9 7 8 ) ;  
5. R o u s s o p o u l o s  and Loomis (1979);  60 Rencz and  A u c l a i r  ( 1 9 8 0 ) ;  
7. Ker ( 1 9 8 0 ) ;  8. S i n g h  ( 1 9 8 2 ) ;  9. O u e l l e t  ( 1 9 8 3 a ) ;  1[1. Ker 
( 1 9 8 4 ) .  - * L = l i n e a r ;  A = a l l o m e t r i c ;  AL = a l l o m e t r i c ,  l o g a r i t h m i c  form; 
3 Fo=Fol i a g e ,  Tw=Current Twig, Br=Branch,  Bo=Bole,  Bk=Bark, 
Co=Cones, T o = T o t a l ,  Rt=Root 
D=Diameter, H=Height,  W=Width o f  Crown, C=Depth o f  Crown 
5 S p e c i e s  o f  P i c e a  (P .  - m a r i a n a  a n d  - P. g l a u c a )  p o o l e d .  
Picea mar i ana  and Picea rubens  p o o l e d .  
* I n f o r m a t i o n  n o t  g i v e n .  
** Uses power f u n c t i o n  of  D and H, f i t t i n g  e x p o n e n t s .  
*** N o t  g i v e n ;  r a n g e  of D is 36.6. 
~~~~~~ ~~ 
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TABLE 3: D E S C R I P T I V E  S T A T I S T I C S  F O R  S A C R I F I C E D  A S P E N  T R E E S .  
- 
0.9 2.2 
1.2 2.8 
1.4 3.2 
1.8 3.8 
2.0 4.6 
2.2 3.1 
3.4 5.7 
3.4 5.4 
3.5 5.4 
7.3 9.2 
9.1 9.4 
10.5 11.5 
13.0 16.1 
13.7 15.9 
15.1 16.7 
15.4 17.4 
15.8 15.6 
17.3 15.5 
19.5 19.4 
21.5 23.1 
22.5 22.5 
22.6 18.1 
22.8 22.4 
23.0 22.5 
25.1 23.8 
19.4 23.0 
25.2 22.5 
27.8 23.5 
30.2. 23.5 
32.4 23.5 
32.1 23.8 
35.4 22.5 
CROWN DRY 
DEPTH B I O M A S S  
(m) (4) 
1.8 
1.8 
2.0 
2.6 
2.4 
1.8 
4.4 
4.1 
4.2 
4.9 
4.4 
5.3 
5.1 
4.7 
7.0 
7.1 
5.4 
8.4 
10.3 
7.4 
5.8 
7.2 
7.4 
5.6 
8.7 
8.9 
8.8 
16.3 
10.0 
12.8 
8.9 
11.5 
132 
169 
257 
598 
567 
607 
1909 
1937 
1532 
14346 
11250 
29413 
54487 
60834 
67338 
80391 
71016 
73013 
171922 
107218 
177286 
238477 
191768 
233178 
237964 
274652 
270826 
448440 
437032 
456140 
533888 
559047 
S T D .  BOLE 
ERROR B I O M A S S  
B I O M A S S  (9) 
2 
24 
9 
70 
19 
17 
38 
60 
30 
621 
313 
966 
1179 
1118 
1262 
1515 
1281 
1163 
2513 
1803 
2196 
3219 
2248 
2992 
’ 3036 
3343 
3766 
6264 
5503 
4754 
5360 
50 50 
83 
129 
197 
351 
419 
370 
1453 
1223 
1121 
10832 
9258 
24790 
48272 
55455 
62863 
70555 
64234 
61756 
155230 
97045 
166542 
215043 
166592 
208481 
219828 
253794 
243271 
396826 
359388 
402129 
442562 
433478 
S T D .  E R R .  L E A F  
B O L E  A R E A  
B I O M A S S  (cm2) 
2 
4 
8 
11 
16 
10 
37 
36 
29 
343 
294 
952 
1148 
1101 
1253 
1497 
1280 
1158 
2513 
1794 
2147 
2469 
2241 
2966 
3030 
3042 
3506 
5313 
3226 
4416 
4885 
4290 
4315 
1829 
3681 
9093 
8546 
11218 
20329 
31875 
14059 
104078 
83114 
143225 
110107 
109691 
87924 
139376 
193882 
214423 
314396 
174606 
183795 
499317 
287096 
415032 
386747 
272000 
237089 
722894 
742009 
524909 
1020140 
1208025 
STD. E R R .  
L E A F  A R E A  
504 
282 
485 
1681 
1017 
2232 
1517 
4223 
1124 
18775 
11473 
14714 
12799 
12272 
8180 
10003 
15452 
16086 
22374 
15312 
22422 . 
55293 
20648 
39163 
24904 
28540 
48559 
79509 
83488 
80093 
107477 
132880 
. TABLE 4: DESCRIPTIVE STATISTICS FOR S A C R I F I C E D  SPRUCE TREES. 
DBH H E I G H T  CROWN DRY 
(cm) 
2. 9 
4 .1  
4 . 1  
4.4 
4.9 
5 .1  
5.5 
5.7 
6.9 
8 .2  
9.1 
9.2 
1100  
11 .0  
11 .5  
1 2 . 1  
12 .7  
14 .1  
14 .4  
15.6 
15 .6  
16.4 
18.1 
18.9 
19 .0  
19.6 
20.2 
20.8 
22.8 
14 .3  
23.0 
. .  . 
(in) D E P T H  B I O M A S S  . .  
(m) 
2.9 1.7 
3.7 3.6 
4.4 4.2 
4.2 2.6 
5.6 2.1 
4.1 1.9 
8.6 5.0 
6.0 3 .1  
6.9 5.1 
9.3 3.5 
10.6 4.8 
11.7 3.4 
12.9 5.1 
10 .9  7.5 
12.5 7 0 6  
1100  4.0 
14 .7  7.7 
11.9 9.4 
13.9 7 - 8  
13.1 7.5 
14.4 8.a 
13.1 8.1 
11.8 8.5 
19.9 807 
18.8 . 8 - 4  
14 .2  12.4 
14 .7  10 .5  
14 .6  1204  
15.3 7.3 
17.5 1 0 . 1  
20.0 12.5  
(J) 
958 
3541 
5252 
3287 
3720 
4389 
6242 
6178 
8869 
14610 
16968 
19913  
35582 
31188 
43375 
32545 
45657 
53861 
60977 
52109 
53781 
62144 
70467 
133180 
128709  
114136 
114821  
128890 
104982  
137075 
204609 
S T D .  BOLE 
ERROR B I O M A S S  
BIOMASS (9)  
80 
332 
619 
227 
449 
223 
448 
5 6 1  
442 
796 
1 2 1 7  
845 
1 2 0 7  
1 4 6 1  
1767  
1 6 0 5  
2627 
4158 
2439 
2382 
- 4 - -  1 Q l  3 
2264 
3186 
4717 
3860 
5035 
5202 
5305 
4430 
4062 
9661  
, 648 
1 7 7 8  
2653 
2276 
3085 
3354 
4488 
4124 
6549 
1 2 9 4 3  
14820  
1 7 7 2 2  
29825 
23352 
33397 
26362 
40344 
40427 
46074 
43679 
53[377 
53614 
45991  
117617  
1 1 3 4 5 5  
78343 
92142 
96216 
91417 
117393  
163426  
STD; E R R .  L E A F  
B O L E  AREA 
B I O M A S S  (cm2) 
22 
1 1 4  
1 8 5  
1 3 5  
1 5 2  
213 
280 
257 
6 4.3 
732  
6 2 3  
8 7 5  
956 
989  
867 
1 1 0 2  
1424  
1548 
1 2 2 8  
1354 
1358  
1500  
2701 
2245 
2402 
2397 
2443  
2362 
2424 
3175 
a i  
7873  
28206 
41854 
18620  
1 2 1 9 5  
18602  
37878 
47458 
43460 
33439 
55592 
48989 
115175  
109565  
155916  
94870 
72945  
152336  
324149 
116248 
63381 
iiS965 
441508 
206061 
234699 
426617 
290586 
245049 
144542  
234332 
459806 
~ 
STD. ERR. 
L E A F  A R E A  
1 2 2 4  
5495 
1 8 5 1 4  
2748 
2154 
1 6 8 7  
4102 
6 1 5 1  
5346  
7219  
5597 
1 2 0 8 1  
17454  
2854 
1 4 8 7 2  
1 4 0 2 7  
1 5 3 4 1  
25252 
28043 
20117 
6412  
28778 
73562 
34412 
32942 
64383 
42746 
27388 
2 3 5 7 1  
34967 
55340 . .  
TABLE SA: DRY WE1GHT:GREEN WEIGHT RATIOS BY COMPONENT 
-- 
Mean 
Minimum 
Maximum 
S t d  . Dev . 
TABLE 5B: 
Aspen 
F o l  i a g e b y s t r a t u m  
N e w  
Upper Middle  Lower Twigs 
0.462 0.460 0.433 0.518 
0.377 0.380 0.363 0.447 
0.689 0.673 0.630 0.718 
0.878 0.073 0.057 0.045 
I 
I 
I S p r u c e  
I 
I 
-- 
Bole  Branch  I Bole 
0.548 0.529 I 0.540 
0 .435  0.413 I 0.357 
0.644 0.7910 I 0.672 
0 . a 4 1  0 .051  I 0.060 
SMOOTHED LEAF AREA:WEIGHT RATIOS BY STRATUM AND AGE CLASS 
Aspen (cm2/g g r e e n  w e i g h t )  I S p r u c e  (cm2/g d r y  w e i g h t )  
I 
I C u r r e n t  Y e a r ' s  N e e d l e s  
I 
Upper Midd le  Lower I Upper Midd le  Lower 
I 
Mean 49.226 52.039 52.929 I. 40.8111 42.458 45.093 
Minumum 40.587 43.400 44.290 I 31.209 32.856 35.491 
Maximum 70.729 73.542 74.432 I 48.689 50.336 52 .972  
Std.Dev. 8.589 8.589 8.589 I 4.548 4.548 4.548 
P r e v i o u s  Years' N e e d l e s  
Mean 33.952 35.599 38 . 234 
Minumum 24.350 25.998 28.633 
Maximum 41.830 43.478 46.113 
Std.Dev. 4 . 5 4 8  4 ,548  4.548 
. TABLE 6: DIMENSION A N A L Y S I S  EQUATIONS AND REGRESSION STATISTICS* 
BIOMASS : 
Aspen- 
E ( B I X )  = 13.72 D 2 H  + 14.07 D2C 
r 2  = - 9 9 7  F ( 2 , 3 0 )  = 4337 
V a r ( B l X )  = 172.08 E(BIX)1.15 
S p r u c e  
E ( B 1 X )  = 4609.55 + 18.14 D ~ H  
'2 = .969 F ( 1 , 2 9 )  = 9 1 0  
0.6 V a r ( B 1 X )  = 129170 E ( B I X )  
LEAF AREA: -
Aspen 
r 2  = .95S F ( 2 , 3 0 )  = 352 
Var(L1x) = 90.071 E ( L I X ) 1 . 4  
Spruce 
E ( L I X )  = 4481.363 D + 469.871 D2 ' 
'r2 = 8 2 8  F ( 2 , 2 9 )  = 7 0  
2 Var (LIx )  = -18325  E ( L I x )  
* V a r i a b l e s  i n  e q u a t i o n s  a r e :  B = b i o m a s s ,  L = l e a f  a r e a ,  D = 
diamter ,  H = h e i g h t ,  and C = crown d e p t h .  A l l  F - v a l u e s  a r e  
s i g n i f i c a n t  a t  p < .0ml. _- - 
TABLE 7 :  TREE-LEVEL PREDICTION RESIDUALS 
Aspen: 
Biomass B i o m a s s  
(9 )  
132 
169 
257 
598 
567 
607 
1909 
1937 
1532 
14346 
11250 
29413 
54487 
60834 
67338 
80391 
71016 
73013 
171922 
107219 
177286 
238477 
191768 
233178 
237964 
274652 
270826 
448440 
437032 
456140 
533888 
.559I347 
Pr ed i c  t e d  
(4) 
45 
91 
152 
288 
388 
328 
1624 
1507 
1614 
10400 
15830 
25617 
49339 
53224 
74539 
72398 
9902115 
173307 
140540 
207921 
208035 
228(357 
274665 
425879 
423026 
465497 
527521 
a0308 
183899 
iaooi7 
284178 
589618 
(9) 
-a7 
-7 a 
-105 
-311 
-180 
-278 
-285 
-429 
83 
-3946 
4579 
-3796 
-5148 
-7611 
7201 
-8 3 
1382 
26007 
1384 
33322 
6613 
-30557 
-11750 
-25143 
-9907 
9518 
3839 
-22561 
-14006 
9357 
-6367 
30571 
Area 
(cm2) 
4315 
1829 
3681 
9093 
11218 
20329 
31875 
14059 
104078 
83114 
143226 
110107 
189691 
87924 
139376 
193882 
214423 
314396 
174606 
183795 
499317 
287096 
416032 
386747 
272000 
237089 
722894 
742009 
524909 
1020140 
1208025 
8546 
R e s  i d  ua 1 Leaf P r e d i c t e d  
Leaf Area 
(cm2) 
4751 
6323 
8124 
11537 
12268 
11685 
28341 
.27098 
28238 
64180 
76143 
96715 
117815 
119215 
165920 
170833 
150731 
217166 
290844 
233382 
224954 
279607 
285555 
266639 
331085 
387348 
388107 
908975 
626907 
627255 
991580 
1087980 
. I " .  __ 
Resid u a l  
( c m 2 )  
436 
4493 
4443 
2444 
3728 
468 
8012 
-4777 
14179 
-39898 
-6971 
-46511 
7768 
9524 
77095 
31457 
2743 
58776 
41169 
-219709 
-1541 
-149392 
-55662 
115348 
151018 
186088 
-115101 
102346 
-28569 
-1 200 4 4 
-43151 
-23552 
. TABLE 7 (cont.) 
Spruce:  
Biomass Biomass 
(9) P r e d i c t e d  
(9 )  
958 
3541 
5252 
3287 
3720 
4389 
6242 
6178 
8869  
14610  
16968  
19913  
35582 
31189 
43376 
32545  
45657 
53861  
5i3377 
52109  
59781 
62144 
70467 . 
133180 
128709  
114136  
1 1 4 8 2 1  
128890 
104982  
137076  
2046(39 
5052 
5738 
5942 
6085 
7049 
6568 
9301 
8146 
10569  
16014  
20472 
22573 
32836 
28534 
34837 
33824 
47619 
47670 
56171 
53885 
68179 
62440 
62181 
122872  
126430 
97271 
107049 
112676 
124685  
169633  
196051  
4094 
2 1  97 
690  
2798 
3329 
2179 
3059 
1 9 6 8  
1 7 g 0  
1404  
3504 
2660 
-2746 
-2655 
-8539 
1 2 7 9  
1 9 6 2  
-6191 
-48616 
1775  
8398 
296 
-8286 
-10308 
-2279 
-16865 
-7772 
-16214 
1 9 7 0 3  
32557 
-8558 
Leaf P r e d i c t e d  
Area Leaf Area 
(cm2) (cm2) 
7873 
28206 
41854 
18620 
12195  
18602 
37878 
47458 
43460 
33439 
55592 
48989 
115177 
109665 
155917 
94871 
72945 
152336 
116249 
63381 
115965  
441508 
206061 
234699 
426617 
290586 
245049 
144542 
234332 
459806 
- - - A I  ~n 
2 L * J . * Y  
16948  
26272 
26272 
28815 
33248 
35076 
38861  
.40810  
53292 
6 8 3 4 1  
79690  
80998 
106149 
106149  
113576 
123018  
132699  
156602  
161964 
184257  
184257  
1 9 9 8 7 1  
235047 
252540 
254769 
268340 
282250 
296497 
346433 
351633 
.I C n l  P ?  
L O Y l l O  I 
R e s i d  ua 1 
( c m 2 )  
9075 
-1934 
-15582 
10195  
21045 
16474 
983 
-6648 
9832 
34902 
24098 
321;109 
-9028 
-3516 
-42241 
28147 
59754 
4266 
-1 63982 
45715 
120876  
68292 
-241637 
28986 
1 7 8 4 1  
-171848 
-22246 
37201 
1 5 1 9 5 5  
1 1 2 1 0 1  
-188173 
F i g u r e  1. Flow c h a r t  f o r  d a t a  a n a l y s i s .  Box a t  b o t t o m  
i n c l u d e s  f i e l d  d a t a .  Arrows upward show f l o w  of a n a l y s i s .  
P r e d i c t i v e  e q u a t i o n s  a r e  u n d e r l i n e d .  Other  terms r e fe r  t o  
p r e d i c t i o n s  o r  e s t i m a t e s .  
F i g u r e  2. P r o p o r t i o n  of  t o t a l  t r e e  b i o m a s s  by component.  
P r o p o r t i o n s  o f  t o t a l  b iomass  of  s a c r i f i c e d  a s p e n  (A)  and 
s p r u c e  ( B )  t r e e s  a r e  p l o t t e d  a g a i n s t  d i a m e t e r  a t  b r e a s t  
h e i g h t  f o r  b o l e  ( s q u a r e s ) ,  b r a n c h  ( c r o s s e s ) ,  and f o l i a g e  
(d i amond s )  compo n e n  t s . 
F l g u r e  3 .  C o e f f l c l e n c s  or V ~ L L ~ L I W I I  L W L  L L C C  U A V N ~ J J  
( s q u a r e s )  and l e a f  a r e a  ( c r o s s e s )  e s t i m a t e s .  C.V.s f o r  
s a c r i f i c e d  a spen  (A)  and s p r u c e  ( B )  t r e e s  a r e  p l o t t e d  a g a i n s t  
d i a m e t e r  a t  b r e a s t  h e i g h t .  
F i g u r e  4. Tree b iomass  and l e a f  a r e a  v e r s u s  i m p o r t a n t  
d i m e n s i o n s .  ( A )  Aspen biomass v s .  t r e e  vo lume  i n d e x  ( D 2 H ) .  
( B )  Aspen l e a f  a r e a  v s .  crown v o l u m e  i n d e x  (C2H). ( C )  S p r u c e  
b iomass  v s .  t r e e  voume index.  ( D )  S p r u c e  l e a f  a r e a  v s .  D2. 
. .  
K.D. Woods, Page 57 
F i g u r e  5. C o e f f i c i e n t s  of  v a r i a t i o n  f o r  component  
b iomass .  C.v.s f o r  b o l e  b i o m a s s  ( s q u a r e s )  and t o t a l  b r a n c h  
b i o m a s s  ( c r o s s e s )  a r e  p l o t t e d  a g a i n s t  d iameter  a t  b r e a s t  
h e i g h t  for a s p e n  (A) and s p r u c e  ( B ) .  F i v e  l o w  v a l u e s  o f  
b r a n c h  b iomass  C.V.s f o r  a s p e n  of 15-20 c m  dbh  a r e  f o r  t r e e s  
where  b r a n c h e s  were  c e n s u s e d ,  n o t  s ampled .  
. .  
K.D. Woods, Page 58 
F i g u r e  6 .  Biomass and l e a f  a r e a  p r e d i c t e d  f o r  s a c r i f i c e d  
t r e e s  by d i m e n s i o n  a n a l y s i s  e q u a t i o n s  from t h i s  and o t h e r  
s t u d i e s ,  p l o t t e d  a g a i n s t  measured v a l u e s .  (A )  Aspen b iomass .  
(B)  Aspen l e a f  a r e a .  (C) Spruce  biomass.  ( D )  S p r u c e  l e a f  
a r e a .  V a l u e s  a b o v e  d i a g o n a l  a r e  o v e r e s t i m a t e s ,  t h o s e  b e l o w  
1 i n e  a re  u n d e r e s t i m a t e s .  Squares  a l w a y s  r e p r e s e n t  
p r e d i c t i o n s  by e q u a t i o n s  from t h i s  stcdy. O t h e r  symbols  a r e  
p r e d i c t i o n s  u s i n g  e q u a t i o n s  from o t h e r  s t u d i e s ;  numbers i n  
l e g e n d  r e f e r  t o  Tables  1 ( for  F i g u r e s  A and B) and  2 ( f o r  
F i g u r e  C) . 
F I G U R E  1: FLOW CHART FOR DATA ANALYSIS 
T r e e - l e v e l  Leaf Area 
P r e d i c t i v e  E q u a t i o n s  --
( T a b l e  6 )  
r r  
/ 
/ 
/ 
Leaf Area, 
O t h e r  Trees 
Tota 
/- \ 
\ 
I 
I 
I 
I 
I 
I 
I 
Tree Leaf ,-,rea 
(Equa t ion  la) 
( T a b l e s  3 , 4 )  
I 
I 
I 
I 
I 
I 
T o t a l  Leaf Area ,  
Branch Biomass f o r  
/ ( E q u a t i o n  10)  
/ I 
/ I 
/ I 
/ I 
/ '  I 
/ / \ 
/ / \ 
/ / \ 
/ Biomass, Leaf Area 
/ of Unsampled B r a n c h e s  
/ \ 
/ \ 
R e g r e s s i o n s  f o r  
E s t i m a t i n g  Branch  
Biomass,  L e a f a  
( E q u a t i o n s  2 , 3 , l l )  
-
--
\ 
I 
I 
I 
I I I 
I I 1 
I I I 
I I I 
I - Branch  Dry  Weight ,  I 
Leaf Area I 
I I 
I I 
Tree-Level  Biomass 
P r e d i c t i v e  E q u a t i o n s  
( T a b l e  - 6 )  
/ I 
/ I 
/ I 
/ 1 
/ I 
Biomass,  I 
Other  Trees I 
I 
I 
- I  
T o t a l  Tree Biomass 
( E q u a t i o n s  1 , 7 , 9 )  
/ ( T a b l e s  3 , 4 )  
/ \ 
/ \ 
/ \ 
/ \ 
/ \ 
/ \ -  
/ T o t a l  Bole  
Tree Biomass f o r  Tree 
( E q u a t i o n s  6 , 7 )  
/ I 
/ I 
/ I 
/ I 
/ I 
/ I 
/ I 
/ 1 
/ I 
/ I 
I I 
I / \ 
I / \ 
I ' /  - \ 
I / \ 
I / \ 
I Dry:Green I 
I Biomass R a t i o s  I 
I ( E q u a t i o n  4 )  I 
I I I 
I I I 
I I I 
I Bole S e c t i o n  Biomass 
I ( E q u a t i o n  5)  
-- . 
I I I I I 
I I I I I 
A l l  B ranches  Bole Discs Bole  S e c t i o n s  I 
I I 
I Sampled Branches 
I - w e i g h t s  - d i m e n s i o n s  - w e i g h t s  - w e i g h t s  I 
I - d i m e n s i o n s  - d i m e n s i o n s  - l o c a t i o n  I 
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